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ABSTRACT 
According to the regeneration niche hypothesis, the transition from seeds to seedlings is 
critical in determining plant distribution patterns. This initial stage of recruitment may be 
strongly influenced by seed mass via effects on the sensitivity to light quality and soil moisture 
availability for germination, and via susceptibility to predators and pathogens. In this study ten 
Macaranga species (Euphorbiaceae) varying in seed mass and adult crown illumination were 
used as a study system to test hypotheses linking seed mass to light and soil moisture 
requirements for germination, investment in seed chemical and physical defense, and seed 
persistence in the soil. Empirical measurements of germination and seed persistence in the soil 
were made at Lambir Hill National Park in Borneo, and coupled with analyses of the physical 
and chemical defense characteristics of seeds. I found that seed mass in Macaranga was 
significantly correlated with germination response to light quality represented by the ratio of red 
to far-red light. Previously reported opposing relationships between seed mass and light 
requirements for germination between temperate (negative relationship) and tropical taxa 
(positive relationship) were found to be robust, indicating contrasting selection on germination 
responses across biomes. In contrast, seed mass was not associated with soil moisture 
requirements for germination in Macaranga and two additional pioneer species. Nonetheless, 
soil moisture requirements for germination of species from Lambir were higher than those 
previously reported for species from seasonal tropical forest. Macaranga also exhibited strong 
interspecific variation in physical and chemical defensive traits. Overall, there was no evidence 
for a trade-off between investment in seed physical versus chemical defense; however, seed 
physical defenses were more important than chemical defenses in predicting the duration of seed 
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persistence in the soil. While phenolic concentrations used in chemical defense were generally 
lower in seeds than leaves, certain phenols were expressed in higher fraction in seeds than 
leaves, and may be important in defending seeds from natural enemies that primarily attack 
seeds. Finally, among Macaranga species, variation in soil moisture requirements for 
germination and in the investment in seed physical defenses was most strongly associated with 
adult crown-illumination. Interspecific differences in germination requirements and defensive 
traits found in this study emphasize the importance of regeneration niche differentiation as a 
contributing factor to species coexistence in diverse plant communities. 
INDEX WORDS:  seed ecology; Euphorbiaceae; seed size; shade tolerance; regeneration niche; 
light quality; matric potential; seed coat thickness; phenolic compounds; Lambir Hill National 
Park. 
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CHAPTER 1: INTRODUCTION 
 
In many ecological studies, a primary goal is to understand how species coexist in space 
and time. One proposed mechanism to promoting coexistence of plant species is niche 
differentiation (Grubb 1977, Silvertown 2004, Fargione and Tilman 2005, Kraft et al. 2008). 
Plant niches include habitat requirements, phenological patterns, adult life-forms, and 
regeneration requirements (Grubb 1977). The regeneration niche is manifested as differences in 
seed production, dispersal capacity, germination and seedling establishment requirements. 
Regeneration niches dictate the microhabitats that are suitable for plant establishment, and 
determine their distribution patterns.  
 Seed size is a major determinant of species regeneration niche because of its link to both 
dispersal and establishment success (Dalling and Hubbell 2002). The maintenance of 
interspecific variation in seed mass suggests that seeds of different sizes are advantageous under 
different circumstances (Muller-Landau 2010). Larger-seeded species with greater amounts of 
seed reserves have low seed production but higher germination success, seedling survival 
(Coomes and Grubb 2003) and growth rate in low light environments (Turnbull et al. 2008). In 
contrast, small-seeded species have the advantage of high fecundity, but the probability of 
seedling establishment is often low, and recruitment is often limited to high light environments 
(Khurana et al. 2006, Harms et al. 2000).  
 After dispersal, the transition from the seed to the seedling stage is a high-risk period in 
the plant life cycle (Harper 1977). Therefore, mechanisms that minimize the risk will be under 
strong selective pressure (Meyer et al. 1997). In particular, natural selection should favor seed 
germination patterns and seed characteristics that increase the probability of successful seedling 
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establishment. Successful germination depends on internal properties of the seed as well as biotic 
and abiotic interactions. Two important external factors that contribute to successful transition 
from seeds to seedlings are (1) germination responses to abiotic conditions of habitats and (2) the 
ability to escape natural enemies. Finding associations of these two external factors with seed 
mass and adult light environment, represented by crown illumination, provide insights into 
selection on seed traits, and consequently on how species with varying seed mass coexist in 
heterogeneous environments.  
Correlations between seed traits, germination and adult habitat requirements can best be 
explored using a study system that incorporates broad variation in adult habitat requirement and 
seed mass. Seed mass in Macaranga (Euphorbiaceae) ranges over at least two orders of 
magnitude and in adult crown illumination from shade-tolerant shrubs to light-demanding trees. 
Furthermore, the genus includes both low- and high-fertility specialists (Davies et al. 1998). The 
genus Macaranga has a center of diversity in western Malesia, the Sunda Shelf and New Guinea 
(Whitmore 2009). In Borneo, there are approximately 50 species, all of which are dioecious. 
Most Macaranga species are short statured trees that behave like pioneer species but do not 
survive to reach canopy. Previous work with 11 Macaranga species in Borneo has shown trade-
offs between seed mass and fecundity, and between seed mass and adult crown illumination
 
where larger seeds are more shade-tolerant (Davies and Ashton 1999). While research on 
Macaranga has explored juvenile and adult crown illumination in detail, little is known about 
how seed traits (other than seed mass) are associated with adult crown illumination. In addition, 
since a phylogenetic topology of Bornean Macaranga is available (Davies 2001), a focus on 
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Macaranga also provides an opportunity to use a phylogenetic approach to explore trait 
variation.  
My dissertation research at the Lambir Hill national Park, Sarawak, examined the 
relationships between seed mass, adult habitat requirements and seed germination responses to 
abiotic conditions, in particular light quality and soil moisture availability. Light quality can be 
represented by the ratio of red to far-red light (R:FR), while matric potential represents soil 
moisture availability. The results on germination responses to the ratio of red to far-red light and 
matric potential are outlined in chapters 2 and 3, respectively. In addition to seed germination 
response, seed mass and adult crown illumination are also linked to seed defensive traits. 
Analyses of interspecific variation in seed defensive traits are presented in chapters 4 and 5. 
Predicted correlations among seed traits and adult crown illumination are shown in Figure 1.1. 
In chapter 2, my focus was on the relationship between seed traits and germination 
responses to light quality, represented by R:FR. To broaden inference on how seed mass and 
germination response to R:FR are related, I combined my work on Macaranga with published 
literature on the R:FR requirements of species from temperate and tropical habitats. Previous 
studies suggested conflicting relationships of seed mass and R:FR requirement for seed 
germination between tropical and temperate species. To resolve this conflict, data on the 
germination response to R:FR of 62 species from the published literature were included with data 
from germination experiments of eight Macaranga species and two additional pioneer species 
from Lambir. The expanded data set allowed me to explore the relationships between 
germination response to R:FR and four species characteristics: seed mass, latitudinal distribution 
(tropical vs. temperate), seed dormancy (dormant vs. nondormant) and plant growth form 
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(woody vs. nonwoody). I analyzed the data in a phylogenetic framework to account for their 
shared evolutionary history. The results revealed that temperate and tropical species are likely to 
be under contrasting selection pressures that drive differential germination response to R:FR. 
This paper is co-authored by James W. Dalling and has been published in Plant Ecology. 
 In chapter 3, I focused on soil moisture availability, another important abiotic factor 
affecting seed germination. Using a subset of seven pioneer species including five Macaranga 
species and two light-demanding species from Lambir, I tested whether interspecific variation in 
seed mass influences germination response to soil moisture availability represented by matric 
potential. The germination response data was obtained from germination tests under six levels of 
matric potential (-0.25, -0.50, -0.75, -1.00, -1.50 MPa). To compare among species, the 
hydrotime model (Gummerson 1986, Bradford 1990) was used to estimate the base matric 
potential that corresponds to 50% of maximum germination (b50) of species. The b50 was 
explored in its relationship to seed mass and adult light environment of each species, represented 
by crown illumination index (Davies and Ashton 1999). Finally, I compared and discussed the 
germination response to matric potential between aseasonal forest species and species in 
previous work on seasonal forest species. 
In chapters 4 and 5, I explored interspecific variation in seed defenses among ten 
Macaranga species in relation to seed characteristics and adult habitat requirements. Chapter 4 
focused mainly on seed physical and chemical defenses. The three goals of this study were (1) to 
test whether a trade-off exists between physical vs. chemical defense, (2) to explore the variation 
of seed physical and chemical defense among species in relation to seed mass and adult light 
environment, and (3) to link seed defenses to the ability of seeds to persist while dormant in the 
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soil. Seed coat thickness and fracture resistance represented physical defense. For chemical 
defense, soluble phenolic compounds present in seed extracts were analyzed by high 
performance liquid chromatography, and the diversity and abundance of phenols were obtained. 
The raw data of seed physical and chemical defense and seed persistence in the soil were 
analyzed, along with comparative methods using phylogenetically independent contrasts to 
correct for the shared evolutionary history of species. One finding from chapter 4, that seed 
chemical defense did not associate with adult light environments, led to further investigation of 
soil association as a factor influencing interspecific variation of chemical defense presented in 
chapter 5. 
 In chapter 5, I examined the interspecific variation in phenolic compounds in seed and 
leaf tissues of the ten species of Macaranga that had differing soil specialization. I tested the 
hypothesis that different suites of natural enemies attack seed vs. leaf tissues selecting for 
differences in the composition and abundance of phenolics in seeds vs. leaves. In addition, I 
explored the diversity and abundance of seed and leaf phenolic compounds in relation to adult 
soil specialization. Phenolic compounds in seeds and leaves were analyzed and estimated 
quantitatively. The diversity and abundance of phenols were tested for phylogenetic 
independence. The differences in diversity and abundance among species grouped by soil 
association were tested. Finally, I discussed the complication of interpreting Macaranga 
chemical defensive traits due to myrmecophytism and in light of allocational trade-offs between 
seed size and number. 
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FIGURES 
Figure 1.1 Predicted correlations among seed traits influencing regeneration requirements. 
Positive correlations are indicated by solid line while dash lines indicate negative correlations. 
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CHAPTER 2: DIFFERENTIAL SEED GERMINATION RESPONSES TO THE RATIO 
OF RED TO FAR-RED LIGHT IN TEMPERATE AND TROPICAL SPECIES
1
 
 
INTRODUCTION  
Environmental requirements for seed germination constitute a key component of the 
regeneration niche of many plant species, influencing adult distribution patterns (Grubb 1977). 
Seed germination is a complex process controlled both by internal properties of seeds and by an 
array of environmental factors including light quality, soil moisture availability, temperature, and 
the chemical environment of the soil (Bewley and Black 1994; Baskin and Baskin 1998). For 
most species, the timing of seed germination is tied to light availability (Daws et al. 2002). 
Although seeds are routinely screened for light sensitivity through germination assays performed 
in light and dark (e.g. Pons 1991; Baskin et al. 2000), these tests provide only limited 
information about how light requirements shape the regeneration niche of plants.  
 Differential germination responses to the ratio of red to far-red light (hereafter R:FR) can 
provide a sensitive mechanism for detecting the presence of suitable microsites for seed 
germination. In tropical and temperate forests and grassland habitats, these microsites represent 
gaps in the vegetation where regeneration can take place (Denslow 1987; Batlla et al. 2000; 
Dobarro et al. 2010). Gaps differ in size and consequently in the degree to which they receive 
direct vs. transmitted light. Unfiltered daylight contains an approximately equal proportion of R 
and FR light (R:FR ~1.2). Canopy foliage preferentially absorbs R relative to FR. Therefore, 
R:FR below the canopy may be as low as 0.2 to 0.3 (Lee 1987; Daws et al. 2002). Moreover, 
1
 This chapter appeared in its entirety in the Plant Ecology. Tiansawat P, Dalling JW. 2013. This 
article is reprinted with the permission of the publisher and is available at 
http://www.link.springer.com and using DOI: 10.1007/s11258-013-0205-y. 
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R:FR may be further reduced to 0.1 beneath leaf litter layers (Vázquez-Yanes et al. 1990). As a 
consequence, R:FR increases with gap size and decreases with foliage or litter density. In 
addition to delineating gaps, R:FR can also act as a cue for detecting the depth of burial in the 
soil. Red light can penetrate only few millimeters through the soil, while longer wavelengths 
penetrate further (Wooley and Stroller 1978; Benvenuti 1995). The wide range in R:FR values 
associated with spatial variation among microsites therefore provides a gradient potentially 
allowing fine-scale discrimination by seeds of transient safe-sites for germination. 
Despite the potential for fine-scale partitioning of light regimes using germination 
response to R:FR, remarkably few studies have explored whether species with different 
regeneration requirements vary in the R:FR level necessary to trigger germination. The presence 
of multiple phytochromes i.e., signal-transducing photoreceptors, in plants might be expected to 
allow complex responses to R:FR variation (Smith 2000). The few empirical studies conducted 
to date indicate that the R:FR value required for 50% of maximum seed germination (hereafter 
the R:FR50) varies markedly among species (e.g. Daws et al. 2002; Pearson et al. 2003; Pereira et 
al. 2009). Moreover, the magnitude and direction of correlations between R:FR50 and seed and 
whole-plant functional traits do not follow a simple pattern.  An example of the complexity 
embodied in such responses can be found in the relationships among light quality, seed 
germination and seed mass. 
Light dependency of seed germination has often been linked to seed size (Baskin and 
Baskin 1998). The germination of “large” seeds (> 2 mg) is typically independent of light but 
may require fluctuations of diurnal temperature as a germination cue (Thompson and Grime 
1983; Pearson et al. 2003). Light is unlikely to be an effective indicator of habitat quality for 
large seeds whose seedlings can emerge successfully from below the depth to which light 
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penetrates into the soil or from beneath layers of surface leaf litter (Molofsky and Augspurger 
1992; Pearson et al. 2002; Kostel-Hughes et al. 2005). Since fluctuating temperatures can be 
detected several centimeters beneath the soil surface (Pearson et al. 2002); temperature can be a 
more effective signal of environmental conditions for large seeds. No clear consensus has yet 
been reached on how light dependency varies with latitude, seed dormancy (Pons 1991; 
Vandelook et al. 2008; Flores et al. 2011) or plant growth form (Bell et al. 1999; Rojas-Aréchiga 
et al. 1997; De Villiers et al. 2002; Flores et al. 2011). 
Although small-seeded species are more likely to use R:FR as a germination cue than 
large-seeded species, it remains unclear how R:FR50 is related to seed mass. One study from a 
temperate deciduous forest has shown that seed mass is negatively correlated with the R:FR50 for 
germination (Jankowska-Blaszczuk and Daws 2007). However, a single study of nine 
neotropical species reports the opposite relationship (Pearson et al. 2003). These studies leave 
unclear whether latitudinal distribution, plant growth form, or even seed dormancy play a role in 
the interaction between R:FR requirement and seed size.  
The goal of this study was to explore the relationship among seed characteristics (seed 
mass and dormancy traits), species latitudinal distribution (temperate and tropical), species 
growth form (woody and non-woody) and R:FR requirement for seed germination. Although a 
large literature exists on whether or not seed germination is light dependent, our focus was on 
R:FR50 of germination response. To include a range of species with different latitudinal 
distributions, we combined data from existing literature that includes R:FR germination 
responses with a new dataset of paleo-tropical species from Borneo. If this expanded dataset 
reveals consistent relationships between R:FR50 and seed mass across a range of taxa, growth 
forms and dormancy types, then it is likely that a single source of selection is primarily 
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responsible for determining R:FR responses. On the other hand, if R:FR50 differs among species 
groups, this may indicate that multiple contrasting selection pressures generate context-
dependent R:FR responses. 
 
METHODS 
Inclusion of published literature on R:FR responses 
Data on species’ responses to R:FR were obtained by searching published literature in the 
SciVerse Scopus database (Elsevier 2012). Two sets of search terms a) “red far red ratio”, and 
“seed germination”, and b) “seed germination”, and “light quality” were used to capture relevant 
literature. Candidate literature met criteria for inclusion in this study when a) the study tested 
seed germination with at least five levels of R:FR, b) the response variable in the study was 
percent germination or germination probability, and c) the studies included the calculation of the 
R:FR50 (Pearson et al. 2003) and/or included figures that allowed the extraction of R:FR50 (i.e., a 
plot of germination probability against R:FR levels). If the literature did not state seed mass, seed 
mass was obtained by searching the Seed Information Database (SID) (Royal Botanic Gardens 
Kew 2008).  
In total, 62 taxa from 11 published studies were included in this analysis (Table 2.1). We 
included all species in each literature source, regardless of whether they were light dependent or 
not. When seed dormancy type was not stated in the literature, it was obtained from Baskin and 
Baskin (1998), or from other primary literature on dormancy. For 17 species there was no 
information on dormancy type; for these species the dormancy type reported for congeners was 
used (Table 2.1). 
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Additional data on seed germination response to R:FR  
 We also included information for ten species (Table 2.1) from a germination experiment 
conducted over two field seasons at Lambir Hills National Park, Sarawak, Malaysia (NW 
Borneo) (4°12' N, 114°02′ E). Lambir receives rainfall ranging from 2100 and 3300 mm per year 
with all months averaging > 100 mm (Kumagai et al. 2009). The mean temperature is 27 °C. 
There is no clear seasonality in environmental factors such as radiation, temperature, vapor 
pressure deficits and precipitation; instead, unpredictable short dry spells (< 1 month) often occur 
throughout the year (Kumagai et al. 2009). 
Seeds were separated for individual mother trees and germinated under 30% full sun in a 
screened growing house with the mean temperature of 26.7 °C (range 21.8 - 37.8 °C). In the first 
field season (June to October 2009), five levels of R:FR were created using plastic boxes covered 
with coated polyester filters (LEE Filters, California, USA) ranging from of 0.01 (filter 322 and 
121), 0.09 (filter 322), 0.20 (filter 122), 0.59 (filter 088), and 1.12 (no filter). To better distribute 
the R:FR range in the experiment, in the second field season (July 2010 to November 2011), 
there were six levels of R:FR ranging from of 0.01 (filter 090), 0.08 (filter 322), 0.20 (filter 122), 
0.34 (a double layer of filter 088), 0.67 (filter 088) and 1.11 (no filter). R:FR was measured using 
R:FR sensor, SKR 110 (Skye Instruments, Powys, UK).  
Seeds were collected from three maternal trees, except for Macaranga bancana, 
Macaranga hullettii (two trees), and Macaranga umbrosa (one tree). Among maternal trees the 
number of seeds sown in replicates varied (4-30 seeds) depending on seed availability. Two to 
three replicates of seeds per maternal tree were sown in Petri dishes lined with two layers of 
sterile cotton gauze pad, moistened with tap water and the dishes were covered with the lids. 
Germination was scored every other day at night under R:FR < 0.01. Seeds were scored as 
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germinated once >1 mm of radicle emerged. Seeds were exposed to R:FR for eight weeks and 
final percent germination was determined. 
The relationship between percent germination (y) and R:FR (x) was described by a 
sigmoidal function (Pearson et al. 2003) 
y = a/{1+exp[-((x- x0)/b)]} 
where a is a coefficient describing the maximum percent germination, x0 is a coefficient 
estimating the R:FR at 50% of maximum germination (R:FR50) and b is a coefficient of the slope 
of R:FR at 75% and 25% of maximum germination. The model was fit using nonlinear least-
squares estimate (nls) in R (R Core Team 2013). The model was fit separately for maternal trees. 
Within each species the mean value of x0 was obtained. 
 
DATA ANALYSIS 
Unless stated, the data were analyzed with R version 2.15.3 (R Core Team 2013). We 
were interested in two response variables in the data set, a) a binary variable of light dependency 
of seed germination and b) a continuous variable of R:FR50 of each species. For explanatory 
variables, all species were categorized into two growth forms: woody species, and non-woody 
species (including herbs, grasses and epiphytes). Due to the relatively small number of taxa in 
this study, dormancy types were only classified as non-dormant vs. dormant, and latitudinal 
distributions were restricted to tropical vs. temperate. Seed mass was loge transformed before 
analysis. 
 13 
 
Species characteristics, phylogenetic relationship, and light dependence 
A phylogenetic tree for species included in this study was generated using Phylomatic 
(Webb and Donoghue 2005) using the most recent classification (APG III 2009; R20091110 
megatree). Since the megatree is for angiosperm taxa only, three gymnosperm species were 
excluded. The branch length was adjusted using age estimates for major nodes from Wikström et 
al. 2001 (bladj algorithm) using Phylocom 4.2 (Webb et al. 2008). There were some polytomies 
in the phylogenetic tree due to unresolved taxa.  
The first response variable, light dependency of seed germination, was modeled as a 
binomial response. To examine whether light dependence for germination was influenced by 
seed mass, latitudinal distribution, dormancy, growth form and phylogenetic relationship, the 
analysis was performed using a phylogenetic logistic model fitted by generalized estimating 
equations (GEE; Paradis and Claude 2002) (compar.gee in package ape). GEE explicitly 
incorporates the correlation matrix into the framework of a generalized linear model, without 
assuming a significant phylogenetic signal in the response. Prior to analysis using GEE, the 
branch length was transformed using Grafen’s computation (Grafen 1989) with the power of 0.1 
(compute.brlen in package ape). We also analyzed the species data directly using logistic 
regression with binomial errors and compared the results with the model that controlled for 
shared evolutionary history. 
 
The relationship of species R:FR50 and species characteristics 
The second response variable, R:FR50, applied only to light-dependent species. The 
explanatory variables were seed mass, latitudinal distribution, dormancy type, and growth from. 
To understand the sources of variation in R:FR50, data were analyzed using a regression tree 
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(package tree). The regression tree was fitted using binary recursive partitioning. The objective 
is to partition the response variable into homogenous groups, which are equivalent to minimizing 
in the sums of squares about the group means (De’ath and Fabricius 2000). To avoid over-fitting 
by the regression tree, the number of splits that gives the minimum cross-validated deviance was 
obtained and the final regression tree was graphically presented. Linear regression and 
phylogenetically independent contrasts (Felsenstien 1985), obtained by the analysis of traits 
module in Phylocom 4.2, was then used to examine univariate relationships identified from the 
regression tree. 
 
RESULTS 
In total, 29 tropical species and 43 temperate species, with 25 woody and 47 non-woody 
taxa and 42 dormant and 30 non-dormant taxa were included in the analysis (Table 2.1 ). Our 
data set consisted of 26 light-independent and 46 light-dependent species. Seed size ranged from 
0.01 mg (a temperate herbaceous species, Crassula tillaea) to 214 mg (a tropical tree species, 
Cordia africana). The mean, median and standard deviation of seed mass were 11.05, 1.06 and 
30.96 respectively.   
 
Predictors of light dependence 
The phylogenetic logistic model that included all four explanatory variables found no 
significant effect of seed dormancy and growth form on the probability that seed germination 
was light dependent (P > 0.05). Model simplification led to the retention of the main effects of 
log-seed mass and latitudinal distribution as predictors of light dependency. Log-seed mass had a 
strong negative effect on light dependence, while tropical species were predicted to be light 
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dependent with greater probability than seeds of temperate species (Table 2.2). The odds of a 
tropical species, including gymnosperms, having light-dependent seed germination were 25.8 
times greater than the odds for a temperate species (Figure 2.1). The 50% probability of a seed 
being light dependent corresponded to seed mass of 0.9 mg for temperate species and 37 mg for 
tropical species. Results were qualitatively similar with and without accounting for phylogeny 
(Table 2.2). 
 
Relationship of R:FR50 with seed traits and latitudinal distribution 
The R:FR required for 50 % of maximum germination varied greatly among species, 
ranging from 0.013 to 0.94. The variance of R:FR50 was the same for tropical and temperate 
groups (F = 1.34, d.f. = 21, 23 , P = 0.49). The regression tree analysis pointed to an influence of 
both dormancy and latitudinal distribution on R:FR50 values. Non-dormant species were 
associated with a lower R:FR50 (mean R:FR50 of 0.22) than species with dormant seeds (mean 
R:FR50 of 0.50), however, the model including dormancy explained less variation in R:FR50 
(pseudo R
2
= 0.27) than a parallel model that included latitudinal distribution rather than 
dormancy (pseudo R
2
=0.53). Both factors were not included in the model because dormancy was 
strongly associated with latitudinal distribution (Fisher’s Exact test, X2 = 25.78, d.f. = 1, P < 
0.0001) 
In addition to latitudinal distribution, seed mass was also an important explanatory 
variable in the regression tree (Figure 2.2). Temperate species with seed mass < 0.17 mg were 
associated with the highest mean R:FR50 at 0.68. The mean R:FR50 was 0.40 in temperate species 
with seed size > 0.17 mg. For tropical taxa, species with seed mass >15.22 mg were associated 
with a higher R:FR50 (0.45) than small-seeded tropical species (0.13). Therefore, the regression 
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tree indicated that temperate and tropical species have contrasting relationships between seed 
mass and R:FR50.  
For tropical species there was a positive relationship between log-seed mass and R:FR50 
(R
2
 = 0.34, F = 10.34, d.f. = 1, 20, P < 0.05; Figure 2.3a). In contrast, for temperate species, there 
was a negative linear relationship with seed mass (R
2 
= 0.20, F = 5.62, d.f. = 1, 22, P < 0.05; 
Figure 2.3b). The results accounting for phylogeny were qualitatively similar to the results of the 
linear regression for both tropical and temperate taxa (Figure 2.3). 
 
DISCUSSION 
In this study, we explored whether seed mass, latitudinal distribution, growth form, and 
seed dormancy are associated with light dependent seed germination. Of these, we found 
latitudinal distribution and seed mass influenced the probability that seeds were light dependent, 
and the sensitivity of germination to R:FR represented by R:FR50. Comparing temperate and 
tropical habitats we found that R:FR50 was positively correlated with seed mass in tropical 
species, and negatively correlated with seed mass in temperate species. Thus our data supported 
the hypothesis that distinct selective forces determine germination response to R:FR in tropical 
and temperate species.  
 
Light dependency of seed germination 
Logistic regression analysis, implemented while accounting for phylogenetic distance, 
showed that smaller seeds were more likely to require light for germination than larger ones. 
This finding agreed with previous studies that reported the light requirement for germination in 
small-seeded herbaceous and woody species from temperate and tropical habitats (Milberg et al. 
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2000; Jankowska-Blaszczuk and Daws 2007; Galíndez et al. 2009). In temperate forest, 
Jankowska-Blaszczuk and Daws (2007) found that a seed dry mass of 1.5 mg was an 
approximate cut-off between herbaceous species that are light dependent and species that are not. 
For tropical pioneer tree species, Pearson et al. (2002) found that species with seed size < 2 mg 
require light; larger seeds were more likely to rely on fluctuating temperature as a germination 
cue. In our compilation of species, the cut-off for light dependency was difficult to determine 
due to large variation in seed mass in the light-dependent germination group, including the 
largest seeded species in the study, Cordia africana (214 mg), from tropical forest. By 
comparison, the largest seeded temperate species with light-dependent germination was 
Geranium robertianum (2.2 mg). However, factors other than light may also contribute to the 
germination response of Cordia africana. In some species (Solanum hayesii, Holcus lanatus and 
Poa anuua), temperature fluctuations can trigger germination in the dark, while light may at least 
partially substitute for fluctuating temperatures (Thompson and Grime 1983; Pearson et al. 
2003). Future studies are needed to disentangle temperature and R:FR responses across gradients 
of seed size.  
  Seed dormancy and plant growth form did not have significant effects on the light 
dependency of species. These results were consistent with a previous study of 136 cacti species 
that found no relation between light dependent germination and either dormancy or cactus 
morphology (six physical forms of cacti) (Flores et al. 2011). However, in our study seed 
dormancy and growth form were also correlated with latitudinal distribution, potentially masking 
their effects on light requirements.
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R:FR50 responses of germination 
R:FR varies continuously from deep shade to open sky conditions providing a sensitive 
indicator of canopy vegetation and surface litter conditions. While knowing whether seeds 
germinate in the absence of light provides some information on the regeneration requirements of 
plants, vegetation does not consist of a binary patchwork of open sun and full shade (Lieberman 
et al. 1989).  Therefore, understanding how species respond to gradients in R:FR provides insight 
into the potential for fine-scale partitioning of light gradients akin to the partitioning of gradients 
in soil moisture availability or soil fertility. For temperate species, the relationship between 
R:FR50 for seed germination and seed mass paralleled that between seed mass and light 
dependency. The R:FR50 for germination is calculated as the R:FR under which 50% of 
maximum seed germination is observed. In temperate habitats, smaller seeded light-dependent 
species required a higher R:FR50 for germination than larger seeded ones. This suggests that 
small-seeded temperate species restrict germination to high light environments, or that a high 
R:FR50 prevents small-seeded species from germinating beneath soil depths at which seed 
reserves would be insufficient to allow successful emergence. This is in accordance with the 
results of an earlier study (Jankowska-Blaszczuk and Daws 2007), which included 16 of the 24 
temperate species in this study.  
In contrast to temperate species, a positive relationship was observed between seed mass 
and R:FR50 for tropical species. This indicates that small-seeded species were capable of 
germinating under a wider range of R:FR values than larger seeded species. This result supported 
the initial finding of Pearson et al. (2003), based on data for nine species from a seasonally moist 
tropical forest in Panama, suggesting that the opposing relationship of R:FR50 and seed mass 
between temperate and tropical species is robust. 
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Jankowska-Blaszczuk and Daws (2007) proposed that a higher risk of lethal desiccation 
for small-seeded species could explain the positive relationship between seed mass and R:FR50 in 
the tropical species observed by Pearson et al. (2003). Desiccation tolerance is important for 
tropical seedlings because surface soil layers in large forest gaps that receive high R:FR dry 
more quickly than gaps that are partially shaded, or receive direct irradiation for shorter periods 
during the day (Engelbrecht et al. 2006). The potential for lethal desiccation to impact seedling 
recruitment is supported by experimental data that shows that dry periods of a few days duration 
are sufficient to cause mortality of newly emerging seedlings (Engelbrecht et al. 2006). 
Furthermore, drought may most strongly impact the smallest seeded species because root 
extension rate is positively correlated with seed mass (Daws et al. 2007). Finally, consistent with 
differences in R:FR requirements, Daws et al. (2008) also showed that large-seeded species are 
capable of germinating under drier conditions (lower base water potentials) than smaller seeded 
species. 
Here we question whether desiccation sensitivity is a sufficient explanation for 
contrasting seed mass-R:FR50 relationships in temperate and tropical forests. A key limitation of 
the desiccation risk hypothesis is that it would predict a unimodal relationship between R:FR and 
germination success, rather than a threshold response. In other words, if desiccation risk was the 
primary determinant of germination response, then we would expect small-seeded species to 
germinate only at low or intermediate R:FR, but not at high R:FR. If desiccation risk drives 
germination response, then we would also predict that species from tropical forests that show 
similar seed mass - R:FR50 relationships would also show similar relationships between seed 
mass and the base water potential under which seeds germinate. Contrary to this expectation, we 
found that base water potential for the pioneers from our paleotropical site (Lambir) was not 
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significantly correlated with seed mass, and was substantially higher (range 0.81 to -0.38 MPa; 
Tiansawat, unpublished data) than those reported for species from seasonal forest in Panama 
(range -2.02 to -1.07 MPa; Daws et al. 2008). Therefore, species from aseasonal forests in 
Lambir are restricted to germinating under much higher soil moisture conditions.  
A more likely explanation for differing seed mass - R:FR relationships is that small-
seeded pioneer species of tropical forests are simply less “choosy” in their germination response 
to R:FR (Pearson et al. 2003). The differential responses of temperate and tropical taxa may then 
represent differential selection on germination under low R:FR. Jankowska-Blaszczuk and Daws 
(2007) rejected the “choosiness hypothesis” on the grounds that small-seeded species form 
persistent seed banks in a range of habitat types. They argue that greater persistence in small-
seeded species increases the probability that seeds will encounter optimal germination conditions 
during burial, selecting for more selectivity in germination cues. 
In contrast, here we argue that small-seeded tropical seeds should be less choosy. Three 
factors that differ between temperate and tropical taxa are likely to impact risk. First, the 
temperate taxa included in our analysis were all herbaceous plants, which are expected to have 
low reproductive output (relative to trees). Therefore, recruitment of our temperate herbaceous 
taxa into suitable regeneration sites may be more strongly dispersal limited than the tropical tree 
taxa that can produce millions of seeds that accumulate in densities of > 9000 seeds m
-2
 at sites 
beneath parent crowns, and produce seed shadows that can extend >100 m (Dalling et al. 1998; 
Dalling et al. 2002; Jones et al. 2005; Corlett 2009). Second, while seed mass is negatively 
correlated with seed bank persistence in most temperate ecosystems (Thompson et al. 1993; 
Funes et al. 1999; Carebolini et al. 2003 but see Leishman and Westoby 1998; Moles et al. 2000 
for exceptions), in tropical forests, very small-seeded species appear to have short-lived seed 
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banks (Dalling et al. 1997), while much longer persistence (>30 years) has been demonstrated for 
relatively large-seeded taxa (Dalling and Brown 2009). In addition, soil perturbation by rainfall 
and ants in tropical forest rapidly bury small seeds to soil depths below which they are capable of 
emerging (Pearson et al. 2002; Marthews et al. 2008a). Thus, longer persistence and stronger 
dispersal limitation in larger seeded taxa may select for greater discrimination of the R:FR that 
stimulates germination in large-seeded tropical taxa. 
Our results demonstrate that the difference in the relationship of seed mass and R:FR50 
between tropical and temperate forests seems to be robust. To better understand how selection 
operates in each habitat, further studies are needed that incorporate contrasts between herbaceous 
and woody species, and among species with different seed persistence times.  
Our finding also informs a more general hypothesis that trade-offs between fecundity and 
tolerance to physical and biotic stresses maintain seed size variation in plant communities. 
Muller-Landau (2010) proposed that in heterogeneous habitats, larger seedlings produced by 
larger seeded species are more tolerant to stresses such as shade, drought, or defoliation, while 
smaller seeded species with high fecundity are more likely to occupy and win less stressful sites. 
Whether small seeded tropical species germinate in less stressful environments is unclear, but 
higher fecundity presumably allows seeds to risk germinating in microsites with lower R:FR 
where the probability of encountering favorable conditions for onward growth is lower. In 
contrast, for the temperate herbaceous species included in this study, small seed size may provide 
little escape from dispersal limitation relative to trees. Instead, in accordance with Muller-
Landau's hypothesis, large seed mass may be advantageous in surviving shade or litterfall, while 
small-seeded species can await better illuminated microsites through longer persistence in the 
soil.
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TABLES AND FIGURES 
Table 2.1 Summary information of 72 species used in this study. 
No. Species Clade Familya Growth form Region Seed mass (mg) R:FR50 Dormancy
b References 
Light-independent species         
1 Acacia abyssinica Eudicots Fabaceae Tree Tropical 93.000 - PD [1] 
2 Aegopodium podagraria Eudicots Apiaceae Herb Temperate 2.400 - MPD [2] 
3 Agrostis castellana Monocots Poaceae Grass Temperate 0.170 - PD [3] 
4 Allium ursinum Monocots Amaryllidaceae Herb Temperate 6.600 - MPD [2] 
5 Circaea lutetiana Eudicots Onagraceae Herb Temperate 2.200 - PD [2] 
6 Corydalis solida Eudicots Papaveraceae Herb Temperate 3.790 - MPD [2] 
7 Dactylis glomerata Monocots Poaceae Grass Temperate 0.900 - PD [3] 
8 Dillenia suffruticosa Eudicots Dilleniaceae Shrub Tropical 8.340 - ND New data 
9 Faidherbia albida Eudicots Fabaceae Tree Tropical 85.300 - PD [1] 
10 Festuca ampla Monocots Poaceae Grass Temperate 0.910 - PD [3] 
11 Geum urbanum Eudicots Rosaceae Herb Temperate 1.900 - PDc [4] 
12 Holcus setiglumis Monocots Poaceae Grass Temperate 0.064 - NDc [3] 
13 Lamiastrum galeobdolon Eudicots Lamiaceae Herb Temperate 2.000 - PD [2] 
14 Macaranga bancana Eudicots Euphorbiaceae Tree Tropical 18.730 - ND New data 
15 Macaranga havilandii Eudicots Euphorbiaceae Treelet Tropical 33.220 - ND New data 
16 Macaranga umbrosa Eudicots Euphorbiaceae Tree Tropical 60.470 - ND New data 
17 Maianthemum bifolium Monocots Asparagaceae Herb Temperate 12.800 - MPDc [2] 
18 Melica nutans Monocots Poaceae Grass Temperate 2.880 - PD [2] 
19 Paris quadrifolia Monocots Melanthiaceae Herb Temperate 4.330 - PD [2] 
20 Picea abies Gymnosperms Pinaceae Tree Temperate 7.000 - ND [5] 
21 Pinus sylvestris Gymnosperms Pinaceae Tree Temperate 6.000 - ND [5] 
22 Ranunculus lanuginosus Eudicots Ranunculaceae Herb Temperate 2.850 - MPDc [2] 
23 Spergularia purpurea Eudicots Caryophyllaceae Herb Temperate 0.020 - PDc [3] 
24 Stachys sylvatica Eudicots Lamiaceae Herb Temperate 1.460 - PD [2] 
25 Stellaria holostea Eudicots Caryophyllaceae Herb Temperate 2.810 - PD [2] 
26 Vitex pinnata Eudicots Lamiaceae Tree Tropical 85.660 - PY New data 
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Table 2.1 (continued) 
No. Species Clade Familya Growth form Region Seed mass (mg) R:FR50 Dormancy
b References 
Light-dependent species         
27 Ajuga reptans Eudicots Lamiaceae Herb Temperate 1.400 0.200 PYPDc [2] 
28 Alcantarea imperialis Monocots Bromeliaceae Rupicolous Tropical 1.656 0.095 NDc [6] 
29 Anthemis arvensis Eudicots Asteraceae Herb Temperate 0.640 0.453 PD [3] 
30 Betula pendula Eudicots Betulaceae Tree Temperate 0.290 0.120 PD [5] 
31 Cecropia insignis Eudicots Urticaceae Tree Tropical 0.680 0.205 NDc [7] 
32 Cecropia obtusifolia Eudicots Urticaceae Tree Tropical 0.590 0.237 NDc [7] 
33 Cecropia peltata Eudicots Urticaceae Tree Tropical 0.580 0.265 NDc [7] 
34 Chrysosplenium alternifolium Eudicots Saxifragaceae Herb Temperate 0.058 0.600 NDc [2] 
35 Cirsium palustre Eudicots Asteraceae Herb Temperate 1.670 0.320 PDc [4] 
36 Cordia africana Eudicots Boraginaceae Tree Tropical 214.000 0.930 PY [1] 
37 Crassula tillaea Eudicots Crassulaceae Herb Temperate 0.010 0.311 PD [3] 
38 Epilobium montanum Eudicots Onagraceae Herb Temperate 0.078 0.700 PD [2] 
39 Geranium robertianum Eudicots Geraniaceae Herb Temperate 2.200 0.350 PY [2] 
40 Hypericum perforatum Eudicots Hypericaceae Herb Temperate 0.090 0.900 PD [2] 
41 Hypochaeris glabra Eudicots Asteraceae Herb Temperate 0.778 0.633 NDc [3] 
42 Juncus effusus Monocots Juncaceae Herb Temperate 0.015 0.900 NDc [2] 
43 Juniperus procera Gymnosperms Cupressaceae Tree Tropical 18.100 0.940 PYPD [1] 
44 Lapsana communis Eudicots Asteraceae Herb Temperate 0.856 0.500 PD [2] 
45 Macaranga beccariana Eudicots Euphorbiaceae Tree Tropical 12.190 0.110 ND New data 
46 Macaranga gigantea Eudicots Euphorbiaceae Tree Tropical 17.600 0.440 ND New data 
47 Macaranga hullettii Eudicots Euphorbiaceae Tree Tropical 24.720 0.120 ND New data 
48 Macaranga trachyphylla Eudicots Euphorbiaceae Tree Tropical 20.410 0.050 ND New data 
49 Macaranga winkleri Eudicots Euphorbiaceae Tree Tropical 1.720 0.040 ND New data 
50 Miconia argentea Eudicots Melastomataceae Tree Tropical 0.080 0.117 ND [7] 
51 Milium effusum Monocots Poaceae Grass Temperate 1.410 0.400 PD [2] 
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Table 2.1 (continued) 
No. Species Clade Family
a Growth form Region Seed mass (mg) R:FR50 Dormancy
b Referencesd 
Light-dependent species (continued)         
52 Moehringia trinervia Eudicots Caryophyllaceae Herb Temperate 0.319 0.550 PD [2] 
53 Mycelis muralis Eudicots Asteraceae Herb Temperate 0.306 0.250 ND [2] 
54 Oxalis acetosella Eudicots Oxalidaceae Herb Temperate 1.220 0.250 PD [2] 
55 Phyteuma spicatum Eudicots Campanulaceae Herb Temperate 0.180 0.350 PD [2] 
56 Pilosocereus arrabidae Eudicots Cactaceae Succulent Tropical 20.600 0.247 ND
c [8] 
57 Piper dilatatum Magnoliids Piperaceae Shrub Tropical 0.150 0.125 ND [9] 
58 Piper hispidum Magnoliids Piperaceae Shrub Tropical 0.120 0.090 ND [9] 
59 Piper marginatum Magnoliids Piperaceae Shrub Tropical 0.150 0.240 ND [9] 
60 Piper peltatum Magnoliids Piperaceae Herb Tropical 0.040 0.002 ND [9] 
61 Pitcairnia albiflos Monocots Bromeliaceae Epiphyte Tropical 0.300 0.112 ND
c [10] 
62 Pitcairnia flammea Monocots Bromeliaceae Rupicolous Tropical 0.162 0.122 ND
c [6] 
63 Plantago coronopus Eudicots Plantaginaceae Herb Temperate 0.210 0.629 PD [3] 
64 Plantago major Eudicotss Plantaginaceae Herb Temperate 0.200 0.313 PD [11] 
65 Poa nemoralis Monocots Poaceae Grass Temperate 0.116 0.550 PD [2] 
66 Scrophularia nodosa Eudicotss Scrophulariaceae Herb Temperate 0.096 0.550 PD [2] 
67 Silene scabriflora Eudicotss Caryophyllaceae Herb Temperate 0.320 0.604 PD [3] 
68 Solanum hayesii Eudicotss Solanaceae Tree Tropical 2.400 0.208 PD [7] 
69 Stellaria nemorum Eudicotss Caryophyllaceae Herb Temperate 0.285 0.500 PD [2] 
70 Urtica dioica Eudicotss Urticaceae Herb Temperate 0.170 0.900 PD [2] 
71 Vriesea heterostachys Monocots Bromeliaceae Epiphyte Tropical 0.470 0.013 ND
c [6] 
72 Vriesea penduliflora Monocots Bromeliaceae Epiphyte Tropical 0.470 0.026 ND
c [6] 
 
a
 Based on the most recent Angiosperm Phylogeny Group classification (APG III 2009)
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Table 2.1 (continued)
 
b 
Dormancy types – PD: Physiological dormancy, PY: Physical dormancy, PYPD: Physical plus physiological dormancy, MPD: 
Morphophysiological dormancy, and ND: Non-dormant 
 c
 Dormancy type found in the genus 
d 
Reference sources 
 
 
 
 
 
 
[1] Yirdaw and Leinonen (2002) [5] Ahola and Leinonen (1999) [9] Daws et al. (2002) 
[2] JankowskaceaeBlaszczuk and Daws (2007) [6] Pereira et al. (2009) [10] Pereira et al. (2010) 
[3] Dobarro et al. (2010) [7] Pearson et al. (2003) [11] Pons (1986) 
[4] Pon (1983) [8] Martins et al. (2012)   
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Table 2.2 Results of phylogenetic and across-species logistic models depicting the main 
effect of log-seed mass and latitudinal distribution on light dependency for germination. 
The phylogenetic logistic model included 69 angiosperm species while there were 72 
species for the across-species logistic model. The asterisks shows the significance level 
of P < 0.05.   
 
Explanatory variable 
Phylogenetic logistic model (GEE) Across-species logistic model (GLM) 
Estimate (SE) t P Estimate (SE) Z P 
Constant  0.11 (0.40)  0.28 0.7830 -0.07 (0.37) -0.19 0.8483 
Log seed mass -0.84 (0.24) -3.43 0.0012 * -0.88 (0.23) -3.82 0.0001 * 
Latitudinal distribution  2.79 (1.06)  2.62 0.0117 *  3.25 (0.99)  3.26 0.0011 * 
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Figure 2.1 Relationship between seed mass and light dependency of germination of 29 
tropical () and 43 temperate species (). The y-axis represents light dependency 
(binary response); a value of “1” indicates light dependence and the value of “0” 
indicates light independence of germination. The lines represent the predicted probability 
of being light dependent as a function of log-seed mass of tropical (solid line) and 
temperate (dashed line) species. 
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Figure 2.2 Regression tree of R:FR50 values for light dependent species. The two 
explanatory variables were latitudinal distribution and seed mass. Each terminal node is 
labeled with mean R:FR50 of each group. 
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Figure 2.3 The relationship between R:FR50 and log-seed dry mass for (a) 22 light-dependent 
tropical species (Y = 0.06X + 0.20; R
2
 = 0.34, P = 0.004) and (b) 23 light-dependent temperate 
species (Y= – 0.07X + 0.40; R2 = 0.20, P = 0.03). The numerical labels correspond to the species 
shown in Table 1. Linear regression through the origin of phylogenetically independence 
contrasts of (c) tropical (n= 13, Y= -0.14X, R
2
 = 0.21, P = 0.04) and (d) temperate taxa (n = 19, 
Y = 0.09X, R
2
 = 0.32, P = 0.04).  
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CHAPTER 3: GERMINATION RESPONSE TO SOIL MOISTURE AVAILABILITY 
IN RELATION TO SEED MASS AND ADULT LIGHT REQUIREMENT IN 
ASEASONAL FOREST SPECIES 
 
INTRODUCTION 
Seed germination is a critical component of the plant regeneration niche because inter-
specific differences in germination responses to environmental conditions, such as light and soil 
moisture availability, contribute to the adult distribution patterns of plant species (Grubb 1977). 
Seed germination usually starts with water imbibition and ends at the first outward sign of 
embryo growth, radicle emergence (Bewley 1997).  However, quiescent seeds of some species 
may be capable of remaining ungerminated after imbibition and respond quickly to germination 
cues (Dalling et al. 1997). While multiple environmental factors, including light, temperature and 
soil moisture availability, can all influence seed germination, in most habitats soil moisture 
availability plays a primary role in controlling the germination rate (Gummerson 1986, Daws et 
al. 2002). The soil moisture availability for seed imbibition is primarily determined by the 
availability of water that is in contact with soil particles surrounding seeds (hereafter matric 
potential). At field capacity, the matric potential of soil is typically around -0.03 MPa (Richards 
and Weaver 1944), while the permanent wilting point of plants is often defined as -1.5 MPa 
(Kirkham 2005). Previous work has generally shown that the seed germination rate is positively 
correlated with matric potential; however, species may differ markedly in the minimum matric 
potential at which germination can occur, ranging from -0.5 to -1.5 MPa (Evan and Etherington 
1990, Daws et al. 2002, Huarte and Benech-Arnold 2005, Daws et al. 2008). 
One way to examine inter-specific differences in germination response to matric potential 
is to compare parameters derived from a hydrotime model fit for each species (Gummerson 
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1986, Bradford 1990). The hydrotime model describes the relationship between time-to-
germination and the difference between the matric potential to which seeds are exposed, and 
base potential (b), i.e. the threshold potential necessary for imbibition. If the matric potential 
surrounding a seed is higher than the b, the seed starts to imbibe and accumulates hydrotime 
(H). Seed germination occurs when the seed accumulates sufficient H. The H is assumed to be 
a constant in a seed population, while the b is unique for individual seeds and has a normal 
distribution in a population. The base potential corresponding to 50% of maximum observed 
germination (b50) provides a quantitative measurement of the sensitivity to matric potential of a 
seed population and can be used to represent differential sensitivity to matric potential among 
species (Daws et al. 2008) 
Differences among species in germination responses to matric potential can provide an 
axis for niche differentiation. In the case of light-demanding species that regenerate in treefall 
gaps, opportunities for differentiation arise because irradiance increases with gap size (Denslow 
et al. 1998, Marthews et al. 2008b), resulting in more rapid soil desiccation in large gaps. For 
example, in large gaps (> 225 m
2
) in the lowlands of Panama surface soil layers (<10 mm deep) 
can dry to the permanent wilting point (-1.5 MPa) after only six days without rain (Engelbrecht 
et al. 2006). However, surface soil drying to -1.5 MPa takes longer (8-11 days) in gaps with 
smaller size (10 m
2
; following the definition of Brokaw 1982) (Marthews et al. 2008b). The 
relationship between gap size and irradiance also implies that the risk of lethal germination 
increases with gap size (Engelbrecht et al. 2006). Daws et al. (2008) argued that species are 
adapted to the risk of lethal desiccation during germination such that relatively large seeded 
species are favored to germinate in large gaps by enabling emergence from greater depth of soil 
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(Pearson et al. 2002). In addition, radicle growth of larger seedlings produced from larger seeds 
may progress faster than the soil dying event (Daws et al. 2007). In seasonally moist tropical 
forest in Panama these species are characterized by having relatively rapid germination and 
requiring lower matric potentials for germination (b50).  
Evidence that larger seeded species are adapted to the drier conditions of large gaps is 
limited to neotropical pioneer species found in seasonally moist forest. While the lower base 
potential of larger seeds is proposed as an adaptation to tolerate desiccation in treefall gaps 
during the wet season, the ability to germinate under drier conditions has not been interpreted as 
an adaptation to germinate during the dry season. However the presumption that seeds are 
adapted to germinate under unpredictable dry conditions has never been tested across a wider 
range of species in other tropical forest habitats.  
Aseasonal tropical forest habitats are appropriate to test whether seed size effects on b50 
represent a response to desiccation risk in gaps. While aseasonal tropical forest remains moist 
year-round, irregular short periods of drought often occur throughout the year (Kumagai et al. 
2005, Kume et al. 2011) just as they do during the wet season in seasonal forests. Therefore, I 
hypothesized that if dry spells in aseasonal tropical forest select for better tolerance to 
desiccation in larger seeded species, as has been proposed in seasonal forest, then larger seeded 
species will have lower b50. Furthermore I hypothesized that if selection for the ability to 
germinate under low matric potential is low in the less desiccation-prone conditions beneath 
forest canopies, then b50 of shade-tolerant species will be higher than that of shade-intolerant 
species.     
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Here I explored the relationship between species attributes (seed mass, shade tolerance, 
and seed moisture content) and the germination response to matric potential in an aseasonal 
study system that incorporates broad variation in seed size and shade tolerance. The study 
species were five paleotropical Macaranga species that range in seed mass from 1.6 to 33.4 mg 
(Table 3.1), and vary in adult light requirement from moderately shade-tolerant, with relative 
large seeds, to strongly light-demanding with small seeds (Davies et al. 1998, Davies and Ashton 
1999). In addition to Macaranga I also included two other pioneer species, Vitex pinnata and 
Dillenia suffruticosa, to compare the germination response of species from the same functional 
group but different genera. 
 
METHODS 
Study site and seed collection 
Mature fruits of seven species (Table 3.1) were collected directly from the crowns in 
primary and secondary forests of Lambir Hill National Park (hereafter Lambir), Sarawak, 
Malaysia (NW Borneo) (4°12' N, 114°02′ E). Lambir receives rainfall ranging between 2100 and 
3300 mm per year (Sakai et al. 1999) with all months averaging > 100 mm (Watson 1985). The 
mean temperature is 26 °C. Lambir has no clear seasonality; however, unpredictable short dry 
spells (< 1 month) often occur throughout the year (Kumagai et al. 2005). 
Seeds were collected from at least two individuals per species and cleaned the same day 
to remove arils and exclude non-viable (floating) seeds. For each species, two replicates of ten 
seeds were randomly sampled to measure dry and fresh seed mass and mean seed moisture 
content based on seed dry mass was obtained (moisture content = 100 x (fresh mass – dry 
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mass)/dry mass). For dry mass measurements, seeds were oven-dried at 60 ºC for at least three 
days and reweighed until the weight was constant. The seed germination tests under different 
matric potentials were conducted immediately after seed collection to prevent potential losses 
due to desiccation. Because seeds of each maternal tree matured at different times, the 
germination tests under different matric potentials were done separately for each maternal seed 
source. 
 
Germination response to matric potential 
A solution of Polyethylene glycol 8000 (PEG) was prepared to simulate six matric 
potentials of -0.25, -0.50, -0.75, -1.00, -1.50 MPa. The concentration of PEG solution was 
prepared according to the temperature function (T) ( = 1.30[PEG]
2
T – 137[PEG]2) (Michel 
1983; Hardegree and Emmerich 1989). The PEG solution concentration was calculated for an 
average temperature of 27 C. Because the actual temperature fluctuated from 22 to 38C, some 
variation in the matric potential of the solution was expected (e.g. range from -0.26 to -0.21 MPa 
was expected for -0.25 MPa treatment). Two replicates of up to 30 seeds each were sown in Petri 
dishes on one layer of sterile cotton gauze pad saturated with 2.5 ml of PEG solution. Petri 
dishes were sealed with a layer of Parafilm (Pechiney Plastic Packaging, Chicago, USA) 
replaced every few days. For the control treatment, germination media were moistened by 
distilled water ( = 0 MPa). The Petri dishes were randomly placed on the shelves in a growing 
space with 30% full sun with the ratio of red to far red light of 1.12. Seeds were counted as 
having germinated once a >1 mm radicle emerged. After eight weeks non-germinated seeds were 
rinsed with distilled water, transferred to fresh germination media moistened with distilled water, 
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and germination recorded for an additional three weeks. The viability test after transferring seeds 
to fresh germination media was conducted in all species except M. bancana due to time 
limitations in the field season. 
 
DATA ANALYSIS 
Quantitative measurement of the sensitivity to matric potential (b50) 
According to the hydrotime model (Bradford 1990), the b or the minimum matric 
potential that allows germination percentage g (b(g)) is defined as 
b(g) =  - (H /tg) 
where  is the actual matric potential (MPa) to which seeds were exposed, H is the hydrotime 
constant of a seed lot (MPa per day), and tg is the length of time to germination of percentage g. 
To estimate the hydrotime model parameters, repeated probit regression analysis was used 
(adapted from Ellis et al. 1987). In this analysis, there were two unknown parameters b and H. 
At each model fitting, a H was proposed and the b was calculated. The experimental percent 
germination at each census date was transformed to a probit scale and was plotted against 
calculated b. The linear regression model was fit iteratively with the new proposed H and 
calculated b until the best fit was obtained. The best-fit model was selected according to the 
minimal residual variation and the maximum R
2
. After the best-fit model was selected, a 
comparative base potential index was calculated corresponding to the b and its standard 
deviation (b) at which germination reached 50% of maximum germination (b50). The 
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hydrotime model was fit separately for each maternal source of each species and the mean b50 
of each species was calculated. 
To explore the correlation between b50, seed mass, and seed moisture content of the 
seven species, I used Pearson product-moment correlation in R version 2.15.2 (R Core Team 
2012). In addition, I tested the correlation between b50 and shade tolerance for the five 
Macaranga species using a quantitative measurement of the adult light environment, i.e. crown 
illumination index (CI) (Table 3.1) (see Davies et al. 1998 for detailed measurement). The CI, 
ranging from 1 (low light) to 5 (high light), is an average of the amount of vertical and lateral 
canopy light environment taken from a large number of individuals in a population. The data of 
CI and b50 were fit with linear regression in R version 2.15.2 (R Core Team 2012). 
 
RESULTS 
The correlation of b50 and species attributes  
After fitting the germination progress curve of each seed source with the hydrotime 
model, the mean b50 of species ranged from -0.44 to -1.00 MPa (Table 3.2). The relative 
standard deviation (|σ/μ|*100) across species was 32%, while the relative standard deviation 
within species ranged from 9 to 61%. 
Among the five Macaranga species, the simple linear regression of CI index and b50 
showed that the CI index tended towards a negative correlation with b50 (Y = 0.42-0.35X, R
2
 = 
0.70, F (1, 3) = 7.06, P = 0.08; Figure 3.1b). However, there was no significant linear relationship 
between seed mass and b50 (Y = -0.92+0.01X, R
2
 = 0.48, F (1, 3) = 2.80, P = 0.19, Fig 3.1a). The 
CI index of shade tolerance showed a strong negative correlation with seed mass (Pearson’s r = -
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0.97, t = -7.54, P = 0.005). When controlling for CI index, the partial correlation coefficient 
between the mean b50 and seed mass was significantly negative (Pearson’s coefficient = -0.99, z 
= -18.37, P < 0.001). When controlling for seed mass, the partial correlation coefficient between 
the mean b50 and CI index was also significantly negative (Pearson’s coefficient = -0.99, z = -
24.23, P < 0.001).  
For all seven species, there was no significant correlation between seed mass and b50 
(Pearson’s coefficient = 0.52, t = 1.40, d.f. = 5, P = 0.22, Figure 3.1a,). The mean b50 was also 
not significantly correlated with seed moisture content (Pearson’s coefficient = 0.15, t = 0.33, d.f. 
= 5, P = 0.76). 
 
Effect of reduced matric potential on percent seed germination 
For all seven species, as matric potential became more negative, germination percentage 
decreased (Figure 3.2). Total percent germination in water (control) was higher than 70% in all 
species except M. beccariana (60%). The matric potential at which no germination occurred 
differed among species. For one tree of M. beccariana, 5% and 10% percent of seeds germinated 
at -0.50 and -0.75 MPa respectively. However, at -0.25 and below -0.75 no germination 
occurred. No germination occurred in D. suffruticosa at matric potentials lower than -0.5 MPa. 
For V. pinnata, M. trachyphylla, and M. havilandii no seeds germinated at matric potentials 
lower than -0.75, -1.0, and -1.5 MPa respectively. M. winkleri was the only species for which a 
fraction of seeds (17.5%) germinated at -1.5 MPa (Figure 3.2). For all species except M. 
beccariana, a substantial proportion (11-100 %) of seeds that failed to germinate after eight 
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weeks in the -0.25 to -1.5 MPa treatments germinated after being transferred to germination 
media moistened with distilled water ( = 0 MPa) (Figure 3.2).  
 
Seed behavior under different matric potentials 
In some species, seeds were able to imbibe when they were exposed to matric potential 
below zero. Seed coverings were ruptured enough to initiate germination but there was no radicle 
emergence. This imbibition without germination was observed in three species (Table 3.3). On 
average, 41% of D. suffruticosa seeds, exposed to matric potential from -0.25 MPa to -1.0 MPa, 
showed a ruptured seed coat but had no radicle emergence after eight weeks in germination 
dishes. Twenty-five percent of V. pinnata seeds sown under -0.25 and -0.50 MPa showed 
ruptured ungerminated seeds, while rupturing of seed coat without germination occurred on 
average in 7.5% of M. beccariana under -0.25 and -0.75 MPa. 
 
DISCUSSION 
In this study, seed germination response to matric potential was examined in relation to 
seed mass and adult crown illumination. For five Macaranga species, adult crown illumination 
rather than seed mass was more strongly correlated with the sensitivity of germination to matric 
potential (b50). The finding did not support the first hypothesis that predicts lower b50 in larger 
seeded species just as has been proposed in seasonal forest. Conversely, the result supported that 
there is a low selection pressure for the ability to germinate under low matric potential of species 
that are more shade-tolerant.  
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Sensitivity of seed germination to matric potential 
These results were contrary to the expectation that species from aseasonal forest would 
respond to experimentally imposed matric potentials similarly to those from seasonal forest. The 
range of b50 in our aseasonal species was substantially higher (range -1.00 to -0.44 MPa) than 
b50  of species from the seasonal forest (range -2.02 to -1.07 MPa) (Daws et al. 2008). 
Therefore, species from the aseasonal forest in Lambir were more sensitive to matric potential 
and restricted their germination to much higher matric potential than species in the seasonal 
forest of Panama. It is worth noting that seeds of aseasonal forest species in this study were 
larger than those from the seasonal forest in Panama except M. winkleri (aseasonal), which was 
the same size as Luehea seemanii (seasonal). In addition, while in this study seed germination 
responses were tested under diurnally fluctuating temperature, the experiment on seasonal 
species used constant temperature. Fluctuating temperatures may shift b50 toward more negative 
values. For example, b50 of Cirsium vulgare was shifted from -0.72 MPa under constant 
temperature of 15 ˚C to -1.24 MPa under fluctuating temperature of 20/10 ˚C (Huarte and 
Benech-Arnold 2005). Therefore, if Macaranga germination had been tested under constant 
temperature, less negative b50 would likely be found.  
In the seasonal forest in Panama, Daws et al. (2008) found a negative relationship 
between seed mass and b50. The relationship indicates that larger seeded species are capable of 
germinating under drier conditions than smaller-seeded ones (Daws et al. 2008). However, in this 
study of seven aseasonal tropical species, seed mass and b50 were not significantly correlated 
(Figure 3.1a), perhaps because of the small sample size. Alternatively, in aseasonal forests with 
high precipitation throughout the year (>100 mm average monthly rainfall), species may not be 
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exposed to low matric potential, in which case there would be little selection for high drought-
tolerance. 
Data of seed mass, crown illumination index (CI index) and b50 of five Macaranga 
species were used to test the hypothesis that more shade-tolerant species lack adaptations to 
desiccation-prone environments and thus have less negative b50. Among five Macaranga 
species, seed mass and CI index were strongly positively correlated. Controlling for seed mass, 
the CI index was negatively correlated with b50. A weak negative relationship between CI index 
and b50 (Figure 3.1b) showed that species restricted to high irradiance environments, e.g., M. 
winkleri, were more drought tolerant. The more negative b50 also indicated that high light-
demanding species were able to germinate under a wider range of matric potentials. When CI 
index was controlled, seed mass also showed a negative, non-significant correlation with b50. 
The finding suggested that adult crown illumination of species was an important determinant of 
germination response to soil moisture availability in five Macaranga species. Within forests, 
high light environments are often associated with treefall gaps, which are desiccation-prone due 
to high irradiance reaching the soil, relative to understory conditions (Ashton 1992). The ability 
to germinate under drier conditions of high light-demanding species might be an adaptation to 
regenerate in treefall gaps in forests (Daws et al. 2008). 
In addition to interspecific variation in b50, the hydrotime model analysis showed 
differences in b50 among maternal sources (Table 3.2). This intraspecific difference may depend 
on maternal genetics and environmental conditions during tree growth and seed development 
(Gutterman 1992, Eslami 2011). During seed maturation, different environmental factors, such 
as soil quality, temperature and precipitation may affect the degree of impermeability of the seed 
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coat (Gutterman 1992). The phenotypic variation in b50 among maternal trees may indicate 
differences in both local environments and genotypes of maternal trees. This study demonstrates 
that more than one local seed source is needed to characterize the germination response of a 
species to matric potential using the hydrotime model. 
There was wide variation in the b50 of the pioneer taxa from Lambir. However, this 
variation (from -1.00 to -0.44 MPa) (Table 3.2) was narrower than those of pioneer taxa from 
Panama, which ranged from -2.02 to -1.07 MPa. Despite the negative correlation of b50 and 
adult light requirement among Macaranga species, the b50 of two non-Macaranga species was 
contrary to their habitat preference. D. suffruticosa and V. pinnata recruit exclusively in high 
irradiance environments but their germination was the most sensitive to matric potential among 
all species. For D. suffruticosa, a shrub species with continuous reproduction, periods of drought 
do not affect fruit and seed sets (Y. Tokumoto, pers. comm.). The continuous reproduction may 
spread the risk of lethal germination over time if dry spells occur unpredictably. This suggests 
that traits other than the ability to germinate under low matric potential of germination may 
promote germination success of non-Macaranga pioneer species.  
 
Distribution of fractional germination across the matric potential gradient  
The germination of all species except M. beccariana decreased progressively as matric 
potential decreased. However, the responses to low matric potential differed among species. The 
germination response of M. beccariana seeds was not easy to interpret because no seeds 
germinated at -0.25 MPa but 5% and 10% of seeds germinated under -0.5 and -0.75 MPa 
respectively (Figure 3.1). Among other species, D. suffruticosa was the most sensitive because it 
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showed no germination at matric potential below -0.25 MPa. In contrast, M. winkleri, maintained 
18% germination even when seeds were exposed to the matric potential of -1.5 MPa (permanent 
wilting point of soil), suggesting an adaptation to the conditions of larger canopy gaps. The 
ability to germinate at low matric potential reflects an ecological advantage by allowing the 
species to become established in areas where less drought-resistant seeded species are unable to 
germinate (Evans and Etherington 1990). Conversely, if germination occurs under low matric 
potential at the beginning of a long period of drought, seeds are at risk of post germination 
desiccation.   
Two types of seed germination responses arose under low matric potential. First, some 
fraction of seeds in a population were able to germinate under low matric potential i.e., -0.25, -
0.5, -0.75, -1.0 and -1.5 MPa (Figure 3.2). Therefore, some seeds in these populations were able 
to germinate under water deficit. These seeds took a risk by germinating under unfavorable 
conditions and potentially broadened the range of establishment sites that the species occupied. 
Second, some seed fractions remained ungerminated under low matric potential and germinated 
after transference to  = 0 MPa. This suggests that some fractions of seeds remained viable 
under low matric potential and were ready to germinate once the soil water improved. The ability 
to maintain viability after exposure to low matric potential could be seen as risk spreading 
strategy. In addition, the variation of sensitivity to matric potential was shown in different b50 
values among maternal trees (Table 3.2). The variation of seed germination response among 
seeds may increase a chance for establishment under unpredictable soil moisture conditions. 
In this study, another response was observed: partial germination under matric potentials 
of -0.25 to -1.0 MPa (Table 3.3). In three species a fraction of seeds imbibed enough water for 
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the seed coat to rupture, but did not germinate over the eight weeks of the experiment. Partial 
germination has also been found in the British herbaceous species Origanum vulgare (Evan and 
Etherington 1990) and several grass species from Queensland, Australia (Watt 1978, Watt 1982). 
The phenomenon seed coat rupture without radicle emergence is called “hydropedesis” (Watt 
1974). The ability to delay germination after imbibition could be ecologically important in rapid 
surface drying soils (Watt 1978). In our study, D. suffruticosa seeds showed the highest percent 
of partial germination when exposed to low matric potential (-0.25 to -1.0 MPa). 
On the other hand, partial germination under low matric potential may put seeds at risk of 
mortality. The seed coat is often the only protective barrier between the embryo and the external 
environment (Bewley and Black 1994, Mohamed-Yassen et al. 1994) and the last structure to be 
broken before radicle emergence (Tillman-Sutela and Kauppi 2000). In M. beccariana, all 
ruptured seeds showed visible fungal infection and none could complete germination, consistent 
with the observation that the splitting of seed coat allows fungal pathogens to attack and kill 
seeds (Hong et al. 2005). In contrast, all partially germinated D. suffruticosa seed germinated 
within three weeks of transference to distilled water germination media ( = 0 MPa). The 
difference in seed survival between these species likely reflects differences in seed defense 
mechanisms. More investment in seed chemical defense may play a role in reducing the risk 
from pathogen mortality of ruptured seeds. Seeds with partial germination and high chemical 
defense may be favored in the microsites with periodic water stress.  
As a final point, differential germination success among species is influenced by 
variation in matric potential. However, it is difficult to generalize the negative relationship 
between seed mass and the sensitivity of germination to matric potential for all habitats. Clearly, 
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further studies that incorporate more species from additional seasonal and aseasonal habitats, 
spanning a wider range of seed masses are needed to test the generality of seed mass, adult 
habitat preference and germination response to matric potential relationships.
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TABLES AND FIGURES 
Table 3.1 Species attributes and number of individuals of Macaranga species and two pioneer species used in the study. 
 
Species Family Seed mass (SE) Seed moisture content (SE) CI index* Maternal source 
  (mg) (% of dry mass)  (trees) 
M. bancana Euphorbiaceae 18.7 (0.6) 32.8 (5.6) 3.4 2 
M. beccariana Euphorbiaceae 12.2 (1.7) 21.0 (5.9) 3.4 2 
M. havilandii Euphorbiaceae 33.2 (0.7) 35.0 (3.0) 2.8 2 
M. trachyphylla Euphorbiaceae 20.4 (0.1) 40.6 (7.0) 3.2 2 
M. winkleri Euphorbiaceae   1.7 (0.1) 46.2 (5.5) 4.0 3 
Dillenia suffruticosa Dilleniaceae   8.3 (0.4) 55.1 (2.3) - 2 
Vitex pinnata Verbenaceae 85.6 (5.9)   7.6 (0.8) - 2 
 
* Data from Davies and Ashton 1999. Shade tolerance index represents the amount of tree canopy light environment of each species 
(1 = shade-tolerant to 5 = very light demanding).
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Table 3.2 Parameters of the hydrotime model characterizing germination of seeds from each 
seed sources of five Macaranga species and two pioneer species. Based on germination time 
courses at a range of water potentials, the hydrotime model was used to estimate the hydrotime 
constant (H ), the median base water potential (b50), and the standard deviation of the base 
water potential among seeds (b). The coefficients of determination (r2) indicate the fractions 
of total variation accounted for by the model. The mean of b50 was estimated for each species. 
 
Species Seed 
source 
       H 
(MPa.d) 
 b50 
(MPa) 
b 
(MPa) 
r
2
 Species mean 
(SE) of b50 
(MPa) 
M. bancana 1 7.0  -0.75 0.35 0.96 -0.86 (0.11) 
 2 10.3  -0.91 0.28 0.77  
M. beccariana 1 12.5  -0.54 0.43 0.90 -0.61 (0.07) 
 2 10.8  -0.68 0.22 0.94  
M. havilandii 1 8.0  -0.85 0.34 0.95 -0.60 (0.26) 
 2 3.4  -0.34 0.15 0.72  
M. trachyphylla 1 6.0  -0.60 0.25 0.95 -0.64 (0.04) 
 2 8.2  -0.68 0.31 0.95  
M. winkleri 1 17.0  -1.00 0.65 0.75 -1.00 (0.14) 
 2 22.0  -1.24 0.96 0.52  
 3 14.7  -0.68 0.53 0.74  
Dillenia suffruticosa 1 5.6  -0.57 0.12 0.89 -0.44 (0.13) 
 2 2.8  -0.32 0.06 0.95  
Vitex pinnata 1 4.9  -0.46 0.12 0.91 -0.44 (0.02)  
 2 10.7  -0.42 0.23 0.99  
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Table 3.3 Mean percentages of partially germinated seeds of three species after eight weeks 
under different matric potential. 
Species 
Partially germinated seed under matric potential of 
-0.25 MPa -0.50 MPa -0.75 MPa -1.00 MPa 
Dillenia suffruticosa 35% 75% 50% 5% 
Vitex pinnata 56% 19%  0% 0% 
Macaranga beccariana 5%  0% 10% 0% 
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Figure 3.1 Mean base potential that yields 50% of maximum germination (b50) as a function of 
(a) seed mass (log scale) for seven pioneer species (Y = -0.92+0.01X, R
2
 = 0.48, F (1, 3) = 2.80, P 
= 0.19), and (b) crown illumination index (CI index) for five Macaranga species (y = - 0.35x, R
2
 
= 0.70, F (1, 3) = 7.06, P = 0.08). The filled dots represent five Macaranga species, while Dillinia 
suffruticosa and Vitex pinnata are shown with the asterisks.   
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Figure 3.2 Mean total percent germination (% of total sown) of five species’ seeds germinated at 
six levels of matric potential (hatched bar) and after transference of ungerminated seeds to water 
(open bar). Each column represents the mean percentage from one tree of M. trachyphylla and 
M. beccariana, two trees of Dillenia suffructicosa, M. havilandii, and M. winkleri, and three 
trees of Vitex pinnata 
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CHAPTER 4: SEED DEFENSIVE TRAITS OF TEN MACARANGA SPECIES: 
RELATIONSHIPS WITH ADULT LIGHT ENVIRONMENT, SEED MASS,  
AND SEED PERSISTENCE 
 
INTRODUCTION 
Natural enemies strongly influence plant population growth, plant traits, and the local and 
regional distribution of plant species (Bryant et al. 1983, Augspurger and Kelly 1984, Hulme 
1998, Fine et al. 2004, Martínez et al. 2007, Dalling et al. 2009, Fine and Mesones 2011). Many 
of these effects are most strongly exerted at the seed stage (Fine and Mesones 2011).  Since the 
seeds of most plant species need to contain sufficient nutrients to support seedling establishment, 
they represent rich resources that are consumed by a wide range of animals (Janzen 1971, Zhang 
et al. 1997, Kestring et al. 2009), while also providing a substrate for microbial infection in the 
soil (Dalling et al. 1998, Cazetta et al. 2008, Gallery et al. 2010). As a consequence, maternal 
resources are allocated not only to provisioning seeds, but also to the protection of seeds from 
predators and pathogens (Grubb et al. 1998, Mole et al. 2003). Seed defense traits, therefore, 
may play a key role in determining recruitment patterns (Fenner and Thompson 2005). 
Seed defenses are often sub-divided into traits that provide physical or chemical 
protection. These protective traits are usually associated with seed-enclosing structures (e.g., 
pericarp and testa; Boesewinkel and Bouman 1995, Kuprewicz and García Robledo 2010). 
Physical defenses are provided by the physical strength of seed-enclosing structures that protect 
against penetration by insect predators (Souza et al. 2011), and seed rupture when passed through 
jaws and digestive tracts of dispersers (Boesewinkel and Bouman 1995). The physical strength of 
the seed is often measured as seed fracture resistance (Rodgerson 1998), and represents the force 
(stress) required to fracture the seeds relative to the change in shape of the seed (strain) (Vincent 
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1990). However, while physical strength is an effective defense mechanism against vertebrates 
and invertebrates (Bodmer 1991, Rodgerson 1998), seed- protecting structures must also be able 
to soften or break to allow seed germination. The opening of protecting structures may then leave 
seeds susceptible to pathogen infection (Mohammed-Yassen et al. 1994). Therefore, seeds may 
also develop other means of protection based on chemical defenses. 
Seeds contain many classes of secondary compounds that potentially serve as chemical 
defenses against seed predators and pathogens (Scalbert 1991, Cipollini and Levey 1997, 
Ndakidemi and Dakora 2003). Among these many compounds, phenolic compounds are among 
the most widely distributed across plant taxa and are reported to be effective in protecting against 
insects (Cardinal-Aucoin et al. 2009), mollusks (Singh et al. 1996), vertebrates (Chen et al. 
2012),  and fungal and bacterial pathogens (Scalbert 1991, Mohamed-Yassen et al. 1994, Abdel-
Monaim 2011). Assessment of the effectiveness of phenolic defenses is based on their presence 
at relatively high levels in plant tissues and on their in vitro toxicity (Siquiera et al. 1991).  
Many theories have been developed to explain the distribution of defenses across plant 
structures and among plant species on the basis that defenses are costly to produce (Stock et al. 
1991, Strauss et al. 2002). Consequently, the allocation of resources to defenses is hypothesized 
to subjected to trade-offs such that high investment in one defense type should reduce investment 
in others with similar effectiveness (Twigg and Socha 1996, Hanley and Lamont 2002, Read et 
al. 2009). Nonetheless, most studies that have explored trade-offs in plant defenses have focused 
on the leaves of seedlings and adult plants (e.g., Twigg and Socha 1996, Hanley and Lamont 
2002, Moles et al. 2013, Read et al. 2009) and the results have been mixed. Only one empirical 
study has explicitly tested for a trade-off between physical and chemical defenses. Chen et al. 
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(2012) compared nutrients and anti-feedant fiber of six Lithocarpus tree species (Fagaceae), 
categorized into two levels of physical defense i.e., thin and thick exocarp. They found that 
species that developed a thicker exocarp had lower fiber content than those with a thinner 
exocarp. However this study was limited to six Lithocarpus tree species that rely on scatter-
hoarding rodents for dispersal. It remains unclear whether this trade-off between physical and 
chemical defensive traits extends to other groups of species with different seed morphology and 
dispersal agents. 
In addition to undergoing trade-offs, allocation to seed defenses may be habitat specific. 
Species with different light requirements for regeneration have different investment in their 
defenses. Previous studies of seedlings indicate that light-demanding species characterized by 
fast growth and mortality rate, are more likely to be poorly defended, relative to slow growing 
shade-tolerant species (Coley 1983, Augspurger and Kelly 1984, O'Hanlon-Manners and 
Kotanen 2004). Using the analogy from previous work on seedlings, seeds of light-demanding 
species might be predicted to be equally poorly defended. However, light-demanding species 
often form persistent soil seed bank that requires seeds to survive long exposure to post-dispersal 
seed predators and pathogens (Schafer and Kotanen 2003, Gallery 2007). Therefore, prolonged 
persistence may select for seeds with higher investment in defense. 
Seed traits associated with defense against predators and pathogens may also be 
important in seed longevity (Mohamed-Yassen et al. 1994). Previous work with 80 native British 
species and six neotropical pioneer species showed that long persistence in the soil relies on 
chemical protection (Hendry et al. 1994, Veldman et al. 2007).  In contrast, the most persistent 
temperate weed species allocate relatively more resources to physical defense than those species 
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with short persistent seed banks (Davis et al. 2008).  These contrasting results suggest complex 
relationships may exist linking seed size, persistence and seed chemical and physical defenses, 
and may also vary among ecosystems and phylogenetic clades.  
The relationships among seed defense, habitat requirements and seed persistence can best 
be explored with a study system that incorporates broad variation in these traits. In aseasonal 
paleotropical forests, the genus Macaranga ranges in seed mass from 1.72 mg to 64.09 mg and 
in habitat preference from shade-tolerant shrubs to light-demanding trees. While the seedling and 
adult ecology of the genus has been studied in detail (Davies et al. 1998, Davies 2001b), the seed 
ecology of Macaranga remains largely unexplored. Since a phylogeny of Bornean Macaranga is 
already available (Davies 2001a), a focus on Macaranga also provides an opportunity to 
incorporate a phylogenetic approach to examining trait relationships.  
Using ten species of Macaranga from Borneo, four main questions were asked regarding 
the distribution of seed defenses among species: First, does a trade-off exist among species 
between the physical defenses and the quantity of seed phenolic compounds, assumed to 
comprise a substantial component of chemical defense? Second, does seed mass variation 
underlie interspecific differences in seed physical and chemical defenses? I hypothesized 
physical defenses become more effective as seed mass increases as the absolute thickness of seed 
protecting structures is expected to scale positively with seed mass even if investment in physical 
defense is unchanged. Thus larger-seeded species may be less dependent on chemical defenses. 
 Third, does adult light environment influence the distribution of defenses among 
species? I hypothesized that if exposure to natural enemies on the ground selects for greater 
investment in defenses, then seeds of light-demanding species that form persistent seed banks 
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will have a higher overall level of physical and chemical defenses than shade-tolerant species 
that germinate soon after dispersal.  
Fourth, do seeds rely heavily on chemical or physical defense for persistence in the soil? 
If chemical defenses are necessary to prevent infection by soil-borne pathogens, then the half-life 
of seeds in the soil and the ratio of chemical to physical defenses will be positively correlated. 
However, if the physical defense is of primary importance for seed persistence, then a negative 
relationship will be found. 
 
METHODS 
Study site, seed collection and species habitat preference 
Mature fruits of 10 Macaranga species (Table 4.1) were collected directly from the 
crowns of trees growing in primary and secondary forests of Lambir Hill National Park 
(hereafter Lambir), Sarawak, Malaysia (NW Borneo) (4°12' N, 114°02' E). Lambir receives 
annual rainfall ranging between 2100 and 3300 mm (Sakai et al. 1999, Kumagai et al. 2009) with 
all months averaging > 100 mm (Watson 1985, Kumagai et al. 2009). The mean temperature is 
26 °C. Lambir has no clear seasonality; however unpredictable short dry spells (< 1 month) often 
occur throughout the year (Kumagai et al. 2005).  
The adult light environments of each Macaranga species was characterized using the 
crown illumination index (CI index), obtained from Davies and Ashton (1999). CI index scores 
were based on a visual assessment of the crown exposure to light (see Davies et al. (1998) for a 
detailed description), and categorize species on a scale of 1-5 from very shade-tolerant to highly 
light-demanding. 
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Seeds were collected from at least two maternal sources (except one parent for seeds of 
the rarer species M. lamellata, M. umbrosa and M. hypoleuca) and were cleaned the same day to 
remove arils and to exclude non-viable seeds that floated in tap water. Two replicates of 10 seeds 
from each maternal source were randomly sampled to measure dry seed mass. For the dry mass 
measurement, seeds were oven-dried at 65 ºC for at least three days and reweighed and dried 
until the weight was constant. Seed shape and sculpturing (Figure 4.1) were also examined using 
a scanning electron microscope the Smithsonian Tropical Research Institute, Panama. At Lambir, 
seed lots for defense measurements were air-dried and stored in an airtight container at room 
temperature. For each species, seeds from different maternal sources were pooled and shipped in 
airtight plastic bags to the University of Illinois for physical and chemical defense analyses. 
  
Measurement of seed physical defense 
Quantitative differences in seed physical protection among species were represented by 
measurements of seed fracture resistance and seed coat thickness. For fracture resistance 
measurements, seeds were visually inspected and seeds with visible cracks were discarded. Seed 
fracture resistance was measured as the minimum force required to initiate seed rupture, using an 
Instron Single Column Testing System Model 3342 (Instron Company, USA). Each seed was 
loaded between the anvil and the compression probe of the machine and was compressed until 
the seed coat ruptured. The seed coat rupture created a sudden drop in force, consequently the 
machine was stopped and the force causing the first fracture was recorded. According to seed 
availability, 10 to 30 seeds of each species were tested and the mean of fracture resistance was 
obtained. 
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Measurements of seed coat thickness were made with a dissecting microscope (ZEISS 
SteREO Discovery V8, Carl Zeiss Microscopy, Germany). Ten seeds of each species, (except M. 
lamellata and M. umbrosa measured with five seeds) were randomly selected and cut in half. 
The half-seeds were photographed under the dissecting microscope. Then the seed coat thickness 
of three random points was measured using graphic tools of ZEN 2011 imaging software (Carl 
Zeiss Microscopy, Germany). The mean of seed coat thickness was obtained for each species. 
 
Seed chemical defense extraction 
Seed chemical defenses were measured as the diversity and quantity of soluble phenolic 
compounds in the seed coat. At the University of Illinois, seed lots were stored at 4 °C in airtight 
plastic bags until extraction. Seeds coat were separated and ground to a fine homogenate using 
Wiley Mini Mill (model 3383-L10 Thomas Scientific, USA). The extraction consisted of two 
main steps – non-polar chemical removal (de-fatting) in hexane and soluble phenolic compound 
extraction. In the first step, 5 mL of hexane was added to 0.5 g of ground seed material. The 
mixture was sonicated for 60 min and left overnight. Before hexane removal on the next day, the 
mixture was re-sonicated for 60 min. After fat removal, the de-fatted seed samples were weighed 
into three 0.1 g replicates. 
In the second step, soluble phenolic compounds were extracted from each replicate in 1.5 
ml of methanol overnight. The mixture was sonicated for 60 min after adding methanol and 
before collecting the methanol supernatant on the next day. To collect the supernatant into an 
HPLC vial, the supernatant was filtered through a hypodermic syringe filter (0.45 um pore, nylon 
66 matrix). The triplicates of methanol supernatant were then analyzed for phenolic compounds 
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using high performance liquid chromatography (HPLC; Appendix A) at the National Center for 
Agricultural Utilization Research (NCAUR), Agricultural Research Service, United States 
Department of Agricultural, Peoria, Illinois. 
 
Quantitative measurement of soluble phenolic compounds  
The HPLC reported the retention time and area of each phenolic peak. In this study the 
phenolic compounds was not identified but were instead distinguished according to their 
retention times. The number of distinct phenolic peaks above a minimum threshold was used to 
determine phenolic diversity. In addition, to estimate phenolic abundance, the area of each peak 
in each sample was first standardized to the mass of the seed coat sample. 
Mass-standardized peak area = 
Raw peak area (mV*min) 
x Total volume of extract (1.5 mL) 
Injection volume (25 µL) 
Sample mass (g) 
 
Mean peak areas were calculated from the three replicates per species. Finally, the mass-
standardized peak area of all phenolic compounds present in each species was summed and used 
as a quantitative measurement of the abundance of phenolic compounds (Xu et al. 2007). 
 
Seed persistence in the soil 
A burial experiment to determine the loss rate of seed viability over time was conducted 
at Lambir from July 2009 to November 2011. Seed availability allowed testing five species: M. 
bancana, M. beccariana, M. gigantea, M. trachyphylla and M. winkleri. There were three 
maternal sources for M. winkleri, two maternal sources for M. beccariana and one maternal 
source each for M. bancana, M. gigantea and M. trachyphylla. For initial seed germination, two 
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or three replicates of up to 30 seeds per maternal tree were sown in Petri dishes lined with two 
layers of sterile cotton gauze pad (Dynarex Corporation, New York, USA). The cotton gauze pad 
was moistened with tap water and the dishes were covered with the lids. To maintain the 
moisture the media were sprayed with tap water every two to three days as required.  
Buried seeds of each maternal source were placed in individual fiberglass netting (0.5 
mm mesh size) bags together with 10 g of homogenized forest soil. Mesh bags retained the seeds 
but were permeable to fungi and small invertebrates (Gallery 2007). Each bag of the same 
maternal source contained the same number of seeds (up to 30 seeds), however the number of 
seeds per bag varied among maternal sources depending on seed availability (range 5 to 30 
seeds), and the number of seed bags per maternal sources ranged from 27 to 42 bags. The seed 
bags were buried 5 cm below the soil surface and 30 cm apart from one another in a common 
garden beneath the forest canopy. The bags were buried under primary Dipterocarp forest canopy 
of Lambir at 102 m above the sea level with average R: FR of 0.14 ± 0.04 (1 SE). The 
temperature at 5 cm below the soil surface of the burial site was measured using StowAway 
TidbiT temperature data loggers (Onset Computer Corporation, Massachusetts, USA). The mean 
soil temperature at the burial site fluctuated between 24.0 to 28.6 °C.   
Seed bags were recovered 1, 2, 3, 6, 12, 19, 22 and 28 months after burial. For some 
maternal sources with few seed bags, recovery periods of seed bags varied, but spanned the 28 
months. Four to eight seed bags of each maternal source were retrieved at each time point. After 
recovery, the seed bag content, which was comprised of soil and seeds, was placed individually 
in a Petri dish lined with a piece of moist filter paper (No. 1 Whatman filter paper, GE 
Healthcare, NJ, USA). The Petri dishes were covered with lids and placed on the shelves in a 
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growing house with 30% full sun (average R: FR 1.12). The daily atmospheric temperature 
fluctuated from 21.8 to 37.8 °C. The seed bag contents were watered every three days as required 
to keep humidity. Germination was scored over five weeks as visible radicle or hypocotyl 
emergence. 
 
DATA ANALYSIS 
Seed mass, adult light environment and seed defense 
Unless stated, data were analyzed using R version 2.15.3 (R Core Team, 2013). To 
examine trait relationships across species, the pairwise Pearson correlation matrix was computed 
for seed mass, seed coat thickness, fracture resistance, number of phenols, total mass-
standardized peak area of phenolic compounds, and adult light environment. To take into 
account the effects of shared evolutionary history, phylogenetic analyses were also conducted on 
all pairwise trait comparisons. The topology of the phylogenetic tree was generated using the 
web interface of Phylomatic version 3 (Webb and Donoghue 200) with a megatree based on 
Smith et al. (2011). All one-daughter nodes in the phylogenetic tree were removed. There is no 
branch length information for Macaranga; therefore, all branch lengths were initially converted 
to a branch length of 1 (non-ultrametric tree). To convert the non-ultrametric tree to an 
ultrametric tree, representing all extant taxa, the tree were transformed and the branch lengths 
were estimated using a semi-parametric method based on penalized likelihood using package ape 
(choronopl) with an arbitrary smoothing parameter of 1, which controls the tradeoff between 
smoothness, and goodness-of-ﬁs of the data to the saturated model (different divergence times of 
all branches) and to the clock model (no variation in the divergence rate) (Sanderson 2002). The 
 60 
 
length of the tree was adjusted by the height of the non-ultrametric tree (height = 7). Then, 
values of phylogenetically independent contrasts (PICs) of each trait were obtained using 
package ape. The contrasts of each trait were checked to ensure they met the assumption of 
standardization by branch lengths using Pearson correlation tests. If the assumption is met, then 
there is no correlation between the PICs and their standard deviations (Garland et al. 1992). The 
PICs between traits of interest were analyzed using linear regression (lm) through the origin 
(Garland et al. 1992).  
 
Ordination of phenolic compound composition and habitat association 
Principal coordinate analysis (PCO) (package ecodist) (Goslee and Urban 2013) was used 
to position species in a space according to differences in phenolic compounds present in seed 
coats. The PCO is a metric multidimensional scaling method based on projection, which uses 
spectral decomposition to approximate a dissimilarity matrix of the distances between a set of 
points in a few dimensions (Gower 2005). The PCO is useful for biological data with many 
zeroes in the data set. Bray-Curtis index was used to calculate the dissimilarity matrix. The 
number of dimension was fixed to two.  
To explore the correlation of adult light environment, represented by crown illumination 
index (CI index), and phenolic compounds, distance matrices of CI index were generated 
separately. Then a Mantel permutation test (package ecodist) of the distance matrix of phenolic 
compounds and both habitat association matrices was performed.
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Seed persistence in the soil 
 In our study, species seeds showed no dormancy when they were exposed to suitable 
environment conditions. Therefore, seed germinability reflects seed viability. The relationship 
between seed germination percent and time was described as a negative exponential function 
(Conn et al. 2006, Davis et al. 2008). The exponential decay function was in the form of  
y = ae
-kt 
where a represent initial percent germination and k is the exponential decay constant. The time 
over which viability of seeds was reduced to half of initial viability, was used as a comparison 
index of seed persistence in the soil.  Half-lives of seeds in the soil were estimated under the 
assumption of a constant rate of viability loss over time (t). Seed half-lives were estimated by 
fitting the negative exponential function (nls) to percent seed germination at points of time after 
burial in the soil up to 28 months. Seed half-life in the soil (t0.5) for each species was calculated 
as t0.5 = ln(0.5)/-k. 
 To explore the relationship between seed persistence and seed defense, the ratio of total 
mass-standardized peak area of phenolic compounds to seed coat thickness was used. This ratio 
provides a measure of the relative importance of chemical to physical defense (Davis et al. 
2008). The loge-transformed ratio was regressed against loge-transformed seed half-life using a 
linear regression (lm). Additionally, a phylogenetic analysis of independent contrasts was used. 
The independent contrasts of loge-transformed data were obtained using package ape and fitted 
with linear regression. 
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RESULTS 
Measurements of physical and chemical defense 
In ten Macaranga species, mean seed fracture resistance ranged from 11.94 to 61.16 N 
and mean seed coat thickness ranged from 94.70 to 410.00 µm (Table 4.1). The smallest seeded 
species, M. winkleri, had the lowest seed fracture resistance and seed coat thickness. For M. 
winkleri, the seed coat thickness did not take an account the size of protrusions from the seed 
coat (Figure 4.1d). Seed fracture resistance had a strong positive linear correlation with seed coat 
thickness (Table 4.2; Figure 4.2a). After accounting for phylogeny, there was still a significant 
correlation between seed fracture resistance and seed coat thickness (Table 4.4). To facilitate 
comparisons with previously published studies, the variable seed coat thickness was used to 
represent the physical defense of seeds 
For chemical defenses, the number of phenolic compounds in each species varied from 
one to 20 compounds (Table 4.1). The number and the total peak area of the phenolic compounds 
were strongly and positively associated (Table 4.2, Figure 4.2b). The result corrected for 
phylogeny was qualitatively similar (Table 4.4). Therefore, the variable of total mass-
standardized peak area was used to characterize seed chemical defense in analyses that include 
physical defense. 
 
The trade-off between seed physical and chemical defense 
 There was no significant correlation between seed physical and chemical defense (Table 
4.2, 4; Fig 3) either before or after controlling for phylogenetic relationships. Species with both 
relatively thin (< 150 µm) and thick (> 300 µm) seed coats had relatively low quantities of 
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phenolic compounds compared to species with intermediate ness of seed coat thickness (170 – 
220 µm) (Fig 3a).  
 
Seed physical defense, adult light environments, and seed mass 
 The adult light environment of species, represented by the crown illumination index (CI 
index), ranged from 2.0 (shade-tolerant) to 4.2 (strongly light-demanding) across the ten 
Macaranga species (Table 4.1). The CI index was strongly negatively correlated with seed mass 
(Table 4.2), indicating that more light-demanding species produced smaller seeds. This 
relationship remained significant using phylogenetically independent contrasts (Table 4.4).  
Analysis of the relationship between seed coat thickness and seed mass (linear regression 
of loge-transformed data) revealed a negative relationship between seed coat thickness and seed 
mass. In addition, the analysis showed that M. winkleri, the only Macaranga species with a 
sculpted seed coat, was a significant outlier (Figure 4.4).  
Because seed mass and CI index were strongly correlated (Table 4.2), their association 
with thickness of seed coat was examined using partial correlation. When controlling for CI 
index, seed coat thickness was uncorrelated with seed mass (Table 4.3). The results of partial 
correlation corrected for phylogeny were qualitatively similar to the results of cross-species 
analysis. When controlling for seed mass, the data set that excluded M. winkleri showed that the 
thickness of seed coat was positively associated with CI index (Table 4.3); shade-tolerant species 
had relatively thinner seed coats than light-demanding species. However, when corrected for 
phylogeny the relationship between the thickness of seed coat and CI index remained positive, 
but was no longer significant at P > 0.05 (Table 4.3). 
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Seed chemical defense of Macaranga species 
A total of 23 phenolic compounds were present in the 10 Macaranga species. The lowest 
diversity of phenolic compounds was in M. winkleri with one compound, while M. trachyphylla 
and M. havilandii had the highest diversity with 20 phenols. Total mass-standardized peak area 
of phenolic compounds was not associated with CI index or seed mass (Table 4.3). The results 
corrected for phylogeny were qualitatively similar.  
In the principal coordinate analysis (PCO) used to position species by similarity in a 
space of phenolic compoundssix positive eigenvalues arose with a sum of 1.96. The first axis 
accounted for most of the variability (60.68%), and the second axis for 29.82%. The two axes 
accounted for 90.50% of total eigenvalues. The PCO ordination of the quantitative phenolic-
compound-dissimilarity matrix showed a marked contrast among three groups (Figure 4.5): (1) 
M. beccariana, M. gigantea, M. hypoleuca and M. lamellata, (2) M. bancana, M. trachyphylla, 
M. havilandii and M. hullettii, and (3) M. winkleri and M. umbrosa. 
 
Seed persistence, seed mass, adult light environment and defense 
  Persistence data were available for five Macaranga species. When controlling for seed 
mass, the half-life of seeds in the soil was associated with CI index (Partial correlation 
coefficient = 0.94, P = < 0.0001), but the half-life of seed was unrelated to seed mass when CI 
index was controlled (Partial correlation coefficient = 0.02, P = 0.98).   
Comparing physical and chemical defenses, the ratio of total mass-standardized peak area 
of phenolic compounds and seed coat thickness (chemical: physical defense) decreased as seed 
half-life in the soil increased (Figure 4.6). Linear regression with the PICs of log-seed half-life 
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and log-ratio of total mass-standardized peak area also showed a negative relationship (Y = -
1.78X, R
2
 = 0.84, F (1, 3) = 16.07, P = 0.03). Thus the relative importance of chemical defenses 
decreased as seed persistence increased.  
 
DISCUSSION 
The study tested four hypotheses regarding the relationships between seed physical and 
chemical defenses, seed mass, adult light environment and seed persistence. There was no 
evidence for a trade-off between investment in physical vs. chemical defense. Instead, for 
physical defense, there was a positive association between the thickness of seed coats and adult 
light environment; shade-tolerant species had thinner coats after accounting for seed mass. 
Chemical defenses, measured as both the diversity and quantity of soluble phenolic compounds 
varied substantially among Macaranga species. For a subset of species with seed persistence 
data, species with greater persistence in the soil seed bank were associated with a greater 
investment in physical defense than chemical defense. 
 
Trade-off between seed physical and chemical defense 
The results did not support the first hypothesis of a trade-off between seed chemical and 
physical defenses in ten Macaranga species. In general, studies on trade-offs between physical 
and chemical defense in seeds are scarce and the evidence of trade-offs has been inconclusive. 
Although there was no evidence in the trade-off between physical and chemical defense in our 
ten bird-dispersed seeds of Macaranga species, the trade-off exists for six Lithocarpus that rely 
on scatter-hoarding rodents for dispersal (Chen et al. 2012). Trade-offs may be contingent on the 
 66 
 
suite of dispersers and predators that are associated with seeds. Different species may rely on 
different physical and chemical defensive traits, selected for by natural enemies.   
The prediction of trade-offs among defensive traits is made under the assumption that 
resource allocation rules apply at the individual seed level (Bryant et al. 1983, Twigg and Socha 
1996, Hanley and Lamont 2002). However, it is important to recognize that allocation to defense 
is a component of the larger investment in seed production i.e., the seed-size and seed number 
trade-off (Galen and Weger 1986, Venable 1992). The efficacy of chemical and physical 
defenses also needs to be evaluated in the context of seed germination. Chemical and physical 
defenses protect mature, ungerminated seeds, whereas seed coats must soften and crack during 
seed germination, and seeds may rely on inducible mechanisms that transform stored precusors 
to stronger defensive chemicals (Ding et al. 2000, Roitto et al. 2003). In addition, osmotic stress 
has also been shown to change the composition of seed phenolic compounds during germination 
(Weidner et al. 2007). For example, a study of Amur grape (Vitis amurensis) showed that during 
seed germination under osmotic stress, the content of total phenolics declined but the amount of 
catechins, an effective phenolic defense against damping off fungi (Yamaji and Ichihara 2012), 
was significantly increased (Weidner et al. 2007). Future studies are needed to better understand 
temporal changes in physical and chemical attributes of defense after dispersal and the 
interactive effect of pathogens and environmental stress.  
 
Adult light environment, seed mass and seed defense 
Large variation existed in the investment in seed defenses among species, which 
correlated with seed and plant traits. For seed physical defense, adult light environment rather 
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than seed mass was the principle determinant of defense traits. Therefore, the results did not 
support the hypothesis that physical defenses become more effective in larger seeds. In contrast, 
the results supported the hypothesis that exposure to natural enemies in the soil determines 
investment in physical defense among species. Seeds of species from shade habitats (low CI 
index), and with low persistence periods in the soil had lower levels of physical protection. The 
analysis that accounted for phylogenetic relationships among species also suggested lower 
physical defense in shade-tolerant species, but with reduced statistical power of detection (Table 
4.3). Across-species analysis may be driven by one or more divergence in the phylogeny. Among 
the study species, shade-tolerant Macaranga species in this dataset showed no evidence of 
delayed germination and therefore may not require the physical defenses that permit prolonged 
persistence in the soil after seed dispersal. 
Variation in seed coat thickness may also be related to seed physiology. The thin seed 
coat of shade-tolerant species may also be explained in part by low desiccation risk in shade 
habitats. While seed coats play a role in defense, they also serve as a boundary to protect the 
embryo against fluctuations in humidity and temperature (Mohammed-Yassen et al. 1994). 
Shade habitats are moister than large gaps and open sites in tropical forests (Garwood 1983). 
Therefore, seeds that germinate in drier high light environments may exhibit thicker seed 
enclosing structures to regulate water uptake (Mohammed-Yassen et al. 1994, Koizumi et al. 
2008) and to prevent rapid desiccation (Daws et al. 2005). In contrast, selection for thick seed 
covers may be low, especially in aseasonal forests, where seeds are not usually exposed to 
prolonged dry periods. 
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Seed chemical defense  
 Phenolic diversity ranged widely, with 1 to 20 compounds present in the seed coat of the 
ten Macaranga species. Only one phenol was common to all species (see chapter 5). The 
diversity and quantity of phenolic compounds were not associated with adult light environment 
or seed mass. Other factors, such as soil specialization and phylogenetic relatedness among 
Macaranga species, may be correlated to the diversity, quantity and types of phenolic 
compounds present in seed coat (see chapter 5).   
 
Seed persistence and seed defense   
The results supported the hypothesis that species with seeds that persist longer in the soil 
rely primarily on seed physical rather than chemical defense. These results were also in 
agreement with a previous study of six temperate weed species, where Davis et al. (2008) 
explored the relationship between seed half-life and the relative importance of seed chemical 
defenses represented by the concentration of ortho-dihydroxyphenols and total phenolics to 
physical defense, represented by seed coat thickness. They found that chemical defense became 
less important with increasing half-life in the soil. In addition, Davis et al. (2008) also pierced 
seed coats to manipulate physical damage to seeds and tested for survival after burial in the soil. 
This physical damage assay suggested that phenolic compounds act as a secondary defense; if 
the physical damage to seeds is minor, phenolic compounds may help to reduce seed mortality 
after burial in the soil. 
In this study, longer persistent Macaranga species had a lower ratio of total phenol 
abundance (mass-standardized phenolic peak area) relative to seed coat thickness. When the 
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number of phenolic compounds among species and seed persistence in the soil were considered, 
the species with longer persistence also produced fewer phenolic compounds. For the longer 
persistent species, it might be more resource efficient to produce relatively few phenolic 
compounds with high defensive capacity (A. Davis, pers. comm.). Alternatively, the few phenols 
produced in species with high persistence may play little role in plant defense and species may 
rely on ongoing co-evolution between seeds and specialist microbes in the soil as a microbial 
defense (A. Davis, pers. comm., Dalling et al. 2011). 
 
Exceptional structure and seed defense of Macaranga winkleri  
 The external surface of enclosing structures of seeds of Macaranga species were smooth 
or only shallowly pitted with one exception, M. winkleri. Seed coats of M. winkleri had a 
verrucose surface (Figure 4.1d). Although many other taxa have similarly sculpted surfaces, the  
ecological significance of seed coat ornamentation is not well-understood.  There are, however, 
two suggested hypotheses that relate to abiotic interactions (Barthlott 1981). First, rough seed 
coverings could be advantageous in anchoring the seed to the soil (Werker 1997 referred to by 
Metzing and Thiede 2001). Second, surface sculpturing may control temperature under 
conditions of high insolation (Barthlott 1981). Since seeds cannot regulate temperature through 
transpiration, roughness may increase seed surface area, which increases energy exchange with 
surrounding cooler air.  
In addition to abiotic interactions, sculpturing of the seed surface may also play a role in 
seed microbial defense.  The verrucose surface appears not to contribute to seed physical 
strength, given that M. winkleri had from the lowest seed fracture resistance. However, the extra 
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surface area may facilitate colonization of beneficial microbes around seeds that may prevent 
pathogen infection (Johnson 1975, Dalling et al. 2011). Among the Macaranga species in this 
study, M. winkleri produced the smallest light dependent seeds (chapter 2). M. winkleri seeds 
were the least physically and chemically protected with low seed strength and only one soluble 
phenolic compound present (potential role of UV protection). However, M. winkleri seeds had a 
half-life of 1.26 years and occur in the soil seed bank (Tiansawat, unpublished data). The 
persistence of M. winkleri and evidence of its poor physical and chemical protection may suggest 
other means of seed defense. Clearly, more work is needed to understand the ecological 
significance of seed surface characteristics that may influence species regeneration. 
In conclusion, in ten Macaranga species, the lack of correlation between physical defense 
and chemical defense indicated no trade-off between physical vs. chemical defense. 
Nevertheless, variation in physical and chemical defense relating to species traits was found 
among species. Adult light environment did not relate to the diversity or quantity of phenolic 
compounds present in the seed coat.  However, adult light environment was positively correlated 
with seed coat thickness, when excluding the outlier M. winkleri, indicating thinner seed coats in 
more shade-tolerant species. Short exposure to natural enemies after dispersal and physiological 
benefits may select for thin seed coat in shade-tolerant species. Finally, this study indicates that 
seeds with prolonged persistence in the soil relied primarily on seed physical rather than 
chemical defense. 
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Macaranga beccariana
Macaranga hypoleuca
Macaranga umbrosa
Macaranga lamellata
Macaranga bancana
Macaranga trachyphylla
Macaranga hullettii
Macaranga havilandii
Macaranga gigantea
Macaranga w inkleri
TABLES AND FIGURES 
Table 4.1 Summary of seed shape and surface sculpturing, species crown illumination index (CI index), and physical and chemical 
defense determined for 10 Macaranga species. The phylogenetic history of species is shown on the left of the table. 
 
*Seed shape and surface sculpturing from Davies 2001 and Whitmore 2008 
O: ovoid or subtriangular-ovoid with shallow grooves, S: spheroidal or slightly flattened with large shallow round pits, L: lenticular 
with shallow grooves, V: ovoid shape with coarsely verrucose (peg-like structure) surface (Figure 4.1) 
** Crown illumination index (CI index) from Davies and Ashton (1999). The index, ranging from 1 to 5, scores the source (lateral and 
vertical light) and relative amount of light available for individual crowns (Clark and Clark 1992, Davies and Ashton 1999). 
† 
Standard error among seed sources. Missing value represented one maternal tree contributing the seeds 
‡
 Standard error among seeds of pooled from maternal sources or seeds of one maternal source
 Species Seed  
shape* 
CI**  Seed 
dry mass        
(mg) 
 Fracture 
resistance 
(N) 
 Seed coat 
thickness 
(µm) 
 Number 
Of 
phenols 
Phenolic  
abundance 
 (x 108) 
Seed 
source 
 Macaranga    Mean SE†  Mean SE‡  Mean SE
‡
   (mV*min/g sample)  
 beccariana S 3.4  12.2 1.7  54.3 2.2  319.9 4.8    4 3.47  3 
 hypoleuca S 3.6  19.6 .  61.1 1.8  375.8 5.6    7 6.69  1 
 umbrosa O 2.0  60.5 21.9  34.3 0.9  126.0 1.2    2 0.61  1 
 lamellata O 2.1  64.1 .  21.9 1.3  130.8 2.9    7 3.06  1 
 bancaca O 3.4  18.7 0.6  38.7 1.3  218.3 4.7  19 19.60  3 
 trachyphylla O 3.2  20.4 0.1  58.8 1.5  234.3 24.6  20 14.92  2 
 hullettii O 2.6  24.7 1.5  28.3 0.4  178.0 3.1  18 13.72  3 
 havilandii O 2.8  33.2 0.7  28.9 0.8  171.3 1.8  20 22.11  2 
 gigantea L 4.2  17.6 1.8  61.2 2.0  410.0 3.4    6 3.45  3 
 winkleri V 4.0  1.7 0.1  11.9 0.6    94.7 2.9    1 0.47  3 
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Table 4.2 Pearson product-moment correlation matrix between all paring seed attributes of 10 
Macaranga species. The coefficients with significance P < 0.001 are indicated in boldface and 
those with P < 0.01 in italic-boldface. 
 
 Crown 
illumination 
index 
Seed dry 
mass 
Seed coat 
thickness 
Fracture 
resistance 
Phenolic 
abundance 
Seed dry mass -0.88     
Seed coat thickness   0.59 -0.41    
Fracture resistance  0.40 -0.27  0.90   
Phenolic abundance -0.07 -0.13 -0.04 0.04  
Phenolic diversity -0.14 -0.07 -0.05 0.07 0.96 
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Table 4.3 Partial correlation matrix (Pearson’s) between seed physical and chemical defense and 
crown illumination index (CI index) or seed mass of nine Macaranga species. The phylogenetic 
analysis was performed using the phylogenetically independent contrasts. The coefficients with 
significance P < 0.001 are indicated in boldface and those with P < 0.01 in italic-boldface. 
 
 Across-species analysis  Phylogenetic analysis 
 CI index Seed mass  CI index Seed mass 
Seed coat thickness   0.84 0.29  0.57 0.02 
Phenolic abundance 0.12 0.17  0.02 -0.27 
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Table 4.4 The phylogenetically independent contrasts were analyzed with regression through the 
origin. The sample size (n) is the number of phylogenetically independent contrasts. The asterisk 
indicated the significance P < 0.05. 
 
X contrast variable Y contrast variable n R
2
 Slope F-value P-value 
Seed coat thickness Fracture resistance 9 0.5915 0.168 11.58 0.0093 * 
Phenolic diversity Total peak area 9 0.7104 0.986 19.62 0.0029 * 
Seed coat thickness Total peak area 9 0.0015 0.003   0.01 0.9147 
Crown illumination index Seed dry mass 9 0.6449 -21.190 14.53 0.0052 * 
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Figure 4.1 Four types of seed shape and sculpturing of Bornean Macaranga species – (a) M. 
hypolueca: spheroidal or slightly flattened with large shallow round pits (S), (b) M. bancanca: 
ovoid or subtriangular-ovoid with shallow grooves (O), (c) M. gigantea: lenticular with shallow 
grooves (L), and (d) M. winkleri: ovoid shape with coarsely verrucose surface (V) 
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Figure 4.2 The linear regression through the origin of (a) seed coat thickness and seed fracture 
resistance and (b) the number and total mass-standardized peak area of phenolic compounds. 
Seed coat thickness and seed fracture resistance were strongly positively related (Y = 0.1717X, 
R
2
= 0.9667, F (1,9) =206.9, P < 0.001). The number of phenolic compounds was positively related 
with total mass-standardized peak area of phenols (Y = 0.8931X, R
2
= 0.9598, F (1, 9) =214.7, P < 
0.001).  
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Figure 4.3 The cross species analysis (a) and the analysis of phylogenetically independent 
contrasts (b) showed no linear relationship between seed protective structure thickness and total 
peak area  of phenolic compound. 
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Figure 4.4 Seed mass against seed coat thickness of ten Macaranga species. Seed coat thickness 
decreased as seed mass increased when the outlier M. winkleri data () was excluded from the 
model (log(Y) = 7.5328 – 0.6563 x log(X), R2 = 0.7322, F (1,7) = 19.14, P = 0.003).  
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Figure 4.5 Principal coordinate analysis (PCO) plot showing similarity of phenolic compound 
composition of 10 Macaranga species - M. bannacana (BAN), M. becciariana (BEC), M. 
gigantea (GIG), M. havilandii (HAV), M. hullettii (HUL), M. hypoleuca (HYP), M. lamellata 
(LAM), M. trachyphylla (TRA), M. umbrosa (UMB), and M. winkleri (WIN). 
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Figure 4.6 The ratio of seed chemical (total mass-standardized peak area of phenolic 
compounds) and physical defense (seed coat thickness) of five Macaranga species decreased as 
seed half-life in the soil increased (log(Y) = 0.2335 – 1.7799 x log(X), R2=0.8552, F (1,3) = 17.72, 
P = 0.02).  
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CHAPTER 5: DISTRIBUTION OF PHENOLIC COMPOUNDS IN SEEDS AND 
LEAVES OF BORNEAN MACARANGA SPECIES 
 
INTRODUCTION 
Plants face a broad range of herbivores, microbial pathogens and environmental stresses 
that depress growth and reproduction, and reduce competitive ability (Coley and Barone 1996). 
In response, plants have evolved multiple defensive mechanisms to cope with various kinds of 
biotic and abiotic stresses (Coley 1983, Coley and Barone 1996, Agrawal and Fishbein 2006). 
An important component of plant defense is the production of a high diversity of secondary 
compounds that have no significant role in growth, development, and reproductive processes 
(Hartmann 1991). However, the synthesis of secondary compounds is thought to be costly and, 
as a consequence, can negatively impact plant growth (Coley 1983).  
Plant tissues are exposed to differing biotic and abiotic stresses, resulting in differential 
selection on the amount and identity of defensive compounds produced, and on their distribution 
across plant tissues (Swain 1977). Two functionally significant tissues for survival and 
reproductive success are leaves and seeds. Clear differences exist between leaf and seed tissues 
in nutrient concentration (Pate and Layzell 1981), morphology, and in the frequency with which 
they are damaged by herbivores and pathogens (Muola et al. 2010). Previous studies in leaves 
and seeds of many species e.g., Brassica oleraceae (Brassicaceae) (Ferreres et al. 2009), 
Polygonum tinctorium (Polygonaceae) (Jang et al. 2012), have shown that leaves are more likely 
to contain higher amount of secondary compounds than seeds. 
In addition to variation among plant tissues, defensive compounds may also vary among 
populations (Coley 1986, Muola et al. 2010) and species depending on resource availability in 
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the environment (Coley et al. 1985, Fine et al. 2004, Fine et al. 2006). According to the resource 
availability hypothesis of plant defense, higher investment in defense is expected in plants that 
grow in nutrient-poor environments because the replacement cost of resources lost to natural 
enemies is higher than for plants that grow in nutrient-rich environments (Coley et al. 1985). In 
turn, differences in allocation of resources to defense and growth among species can play a 
critical role in restricting the habitat requirements of plant taxa. In the Peruvian Amazon, 
differences in susceptibility to leaf herbivory among 20 tree species with different allocation to 
defense was found to be of primary importance in determining their distribution patterns between 
relatively nutrient-rich clay versus nutrient-poor sandy soils (Fine et al. 2004, Fine et al. 2006 )  
The applicability to seeds of the resource availability hypothesis of plant defense is 
perhaps limited. Unlike established plants, seeds contain finite nutrient reserves and lack the 
ability to replace lost tissues. As a consequence the ability of seeds to respond to infection and/or 
physical damage e.g., piercing and grinding, is likely to be limited (Gallery 2007, Davis et al. 
2008). To date, little attention has been given to exploring how the resource availability 
hypothesis applies to seed defense (Dalling et al. 2011). As a consequence, how seeds of 
different species from contrasting habitat association differ in their distribution and abundance of 
defenses is still unknown. 
While plants utilize a great diversity of defensive chemicals, phenolic compounds are 
among the most important secondary compounds that serve as plant defenses (Mazid et al. 2011). 
Phenolic compounds contain a phenol group that consists of a hydroxyl functional group 
attached to an aromatic hydrocarbon ring. The major groups of phenolic compounds in plants are 
coumarin, furano-coumarins, lignin, flavonoids, isoflavonoids and tannins (Mazid et al. 2011). 
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Because phenolic compounds have antioxidant (Sajid et al. 2012), antiherbivore (Nomura et al. 
2011), and antimicrobial capacity (Kotkar et al. 2002, Sajid et al. 2012), plants produce phenolic 
compounds and sequester them in leaf tissues (Swain 1977, Coley 1983) and seed coats (Bekkara 
et al. 1998, Moïse 2005) for protection against pests, diseases, and UV radiation (Bhattacharya et 
al. 2010). An exploration of phenolic compounds can provide valuable insights into how 
defensive secondary compounds differ among plant tissues, and among species that differ in 
either their exposure to natural enemies, or in their ability to replace tissues lost to herbivores 
and pathogens. 
This study examined how phenolic compounds are distributed across leaf and seed tissues 
among ten species in the genus Macaranga in Sarawak. I hypothesized that if phenolic 
compounds represent specialized chemical defenses effective against particular herbivores and 
pathogens, then leaf and seed tissues that are exposed to distinct suites of natural enemies will 
contain distinct compositions and abundances of phenolic compounds. Alternatively, if phenolic 
compounds represent generalized defenses against a broad spectrum of natural enemies, then 
tissues will not differ in phenolic composition. 
In addition, the phenolic composition of seeds and leaves was also explored in the 
context of soil association. Macaranga species show contrasting associations with soil types 
(Davies 2001a); some species prefer nutrient-rich shale-derived soil, while others are restricted 
to low-nutrient, sandy soil or soil generalists. I hypothesized that if the phenolic investment in 
Macaranga leaves depends on cost of replacing tissue lost to herbivores, then phenolic diversity 
and abundance will be greater from leaves of species on less fertile sandy than clay soil. For 
seeds I hypothesized that low fertility will constrain investment in total seed production, rather 
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than the defensive resources allocated to individual seeds, resulting in similar phenolic chemistry 
for seeds produced by Macaranga species with different soil specialization. 
 
METHODS  
Macaranga species and seed and leaf collection 
 The ten study species of Macaranga grow in the lowland aseasonal forests of Lambir Hill 
National Park, Sarawak, Malaysia (NW Borneo) (4°12' N, 114°02′ E) (Table 5.1). Three species 
are generalists and are common on both clay and sandy soil types, while three and four species 
prefer clay and sandy soil, respectively (Davies 2001b) (Table 5.1). Eight species, M. 
beccariana, M. hypolueca, M. umbrosa, M. lamellata, M. havilandii and M. hullettii, are closely 
related in the section Pachystemon, while M. gigantea and M. winkleri are in two sections, 
Pruinosae and Winklerianae, respectively (see Davies 1998, Davies et al. 1998, Davies 2001a, 
Davies 2001b, Whitmore 2008 for species information on taxonomy, morphology, growth, 
mortality and phenology). While nine study species are obligate myrmecophytes that provide 
nest sites inside hollow stems and food bodies for ant partners, M. gigantea produces only 
extrafloral nectar on leaf surfaces to attract non-specific ant associates (Heil et al. 2001). 
 Mature seeds and leaves were collected directly from the crown of maternal trees. Seeds 
collected from 2009-2011 were cleaned to remove arils and to exclude non-viable seeds that 
floated in tap water. Subsequently seeds were air-dried and stored at room temperature in an 
airtight plastic container with silica gel desiccant. Leaves were obtained from surviving seed 
maternal sources for eight of the ten species in 2011 (Table 5.1). Leaves were wiped clean with a 
damp paper towel, air-dried and stored at room temperature in paper envelopes in an airtight 
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plastic bag with silica gel desiccant. Seeds and leaves were shipped to the University of Illinois 
for extraction and analysis of phenolic compounds. 
Phenolic compounds were extracted from seed coats and distinct phenolic compounds 
were analyzed using high performance liquid chromatography (HPLC; Appendix A) at the 
National Center for Agricultural Utilization Research (NCAUR), Agricultural Research Service, 
United States Department of Agricultural, Peoria, Illinois. The diversity and abundance of 
phenols were measured (See chapter 4 for detailed extraction and measurement of phenolic 
diversity and abundance).  
 
DATA ANALYSIS 
Phylogenetic independence of soil association, diversity and abundance of seed and leaf phenols 
Across species comparisons need to account for non-independence of plant traits that are 
a result of shared evolutionary history. A phylogenetic tree was generated for the ten study 
species (see chapter 4). In addition a phylogenetic tree of the eight species for which seed and 
leaf phenolic data were obtained was generated by pruning to exclude M. gigantea and M. 
hypoleuca from the full tree. The full tree was used in the analysis of the seed data set, while the 
pruned tree was used for the leaf data analysis and the correlation among seed and leaf phenolic 
compounds. 
To evaluate whether soil association, phenolic diversity (i.e. number of phenols) and 
phenolic abundance (i.e. total mass-standardized peak area) of seeds and leaves were more 
similar for closely related species than the null expectation, the program Phylogenetic 
Independence 2.0 (Reeve and Abouheif  2003) was used. The Test For Serial Independence 
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(TFSI) was conducted on continuously valued characters, and the Runs Test on discretely valued 
characters (Abouheif 1999). Neither test requires information on branch lengths, but assumes the 
phylogenetic topology reflects the evolutionary history of species. For TFSI on abundance of 
phenols, the tests were performed by comparing the average contrast of actual trait values (C-
statistics) to the distribution of contrasts or actual values created by randomly placing the trait 
values at the tips within the tree topology 1,000 times. For the Runs Test on discrete data (soil 
association and phenolic diversity), the program permutes the states across the tips, and 
calculates a non-parametric runs test (Runs) along the tips to assess the frequency of adjacent 
taxa having the same state. The procedure thus creates a null distribution to which the actual data 
can be evaluated. If the average C-statistics or Runs for the actual value is greater than 95% of 
the average randomized average C-statistics or Runs (P < 0.05), a trait was considered to be 
significantly phylogenetically autocorrelated. 
 
Correlation among seed and leaf phenolic compounds 
The values of phylogenetically independent contrasts (PICs) were obtained for the 
diversity and abundance of phenolic compounds using package ape. The PICs of each trait were 
checked whether they met the assumption of standardization by the branch lengths by Pearson 
correlation tests between PICs and their standard deviations. If the contrasts are adequately 
standardized, then there is no correlation between the PICs and their standard deviation (Garland 
et al. 1992). The contrasts of the diversity and the abundance of phenolic compounds between 
seed and leaf were analyzed using linear regression (lm) through the origin (Garland et al. 1992).  
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In addition to independent contrasts, an ordination technique was used to analyze 
phenolic compositional data. Principal coordinate analysis (PCO) (package ecodist; Goslee and 
Urban 2012) was used to position leaf and seed samples in multidimensional space according to 
their similarity in phenolic compounds present in seed coat and leaf. The PCO (Gower 2005) is a 
metric multidimensional scaling method based on projection, which uses spectral decomposition 
to approximate a dissimilarity matrix of the distances among a set of points in a few dimensions. 
The PCO is useful for biological data with many zeroes in the data set. The Bray-Curtis index 
was used to calculate the dissimilarity matrix of the quantitative data of each phenolic 
compound. The number of dimensions was fixed to two.  
 
Effect of soil association on diversity, abundance and composition of phenolic compounds 
To determine whether there was an association between phenolic diversity or abundance 
and soil association, seed and leaf phenol data sets were analyzed separately for, (1) diversity 
(number of phenols) and (2) mean abundance (total mass-standardized peak area of phenols). For 
the seed data set, soil association was a categorically independent variable with three levels – 
clay soil, sandy soil and no soil association. The influence of soil association on the number of 
phenolic compounds was analyzed using a generalized linear model (glm) with a quasi-Poisson 
error structure to compensate for overdispersion. For the mass-standardized peak area of phenols, 
analysis of variance (ANOVA) correcting for phylogenetic relatedness (phylANOVA in package 
phytools; Revell 2013) was used. The procedure initially fit an ANOVA model and obtained an 
F-statistic. The null distribution was generated by simulating new sets of the dependent variable 
on a phylogeny under a Brownian motion model 1,000 times, and then the corrected P-value was 
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obtained (Garland et al. 1993). For the leaf data set, M. beccariana, the only species that occurs 
on both sandy and clay soils was excluded from analyses. Phenolic diversity was analyzed by 
glm using a quasi-Poisson error structure as above. Phenolic abundance data were compared 
between the two soil types using simple t-test with unequal variance (t.test) 
In addition to univariate analysis, a Mantel permutation test (mantel in package ecodist) 
was also performed separately for the seed and leaf data sets. A matrix of soil preferences was 
generated using dummy variables of 0 and 1 for presence and absence on the two soil types. The 
distance matrices of soil association and types of phenolic compounds (presence and absence of 
each phenolic compound) were generated using the Jaccard similarity coefficient.  
 
RESULTS 
Diversity and abundance of phenolic compounds in seeds and leaves 
 A total of 71 distinct phenolic peaks (retention times) were recorded in the combined 
seed sample (ten species) and leaf sample (eight species) dataset.  Seeds had a total of 23 
phenolic compounds. M. winkleri had the lowest diversity of phenolic compounds with one 
compound, while M. trachyphylla and M. havilandii with 20 phenols had the highest diversity. 
The phenolic compound at the retention time of 25.7-26.0 minute (ID number 2; Appendix B, C) 
was present in all species. The mean and the coefficient of variation of total mass-standardized 
peak area of phenolic compounds of the ten species were 8.81 x 10
8
 mV*min/g sample and 
91.62%, respectively. For the sub-set of eight species for which seed and leaf data were 
available, the mean and the coefficient of variation of total mass-standardized peak area of 
phenolic compounds were 9.74 x 10
8
 mV*min/g sample and 90.65%, respectively. 
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For leaf samples, the overall diversity of phenolic, ranged from 28 phenols in M. 
havilandii to 51 phenols in M. lamellata (Figure 5.1). Nine phenolic peaks were present in eight 
species, but at different abundances. The mean and the coefficient of variation of total mass-
standardized peak area of leaf phenolic compounds of the eight species were 186.42 x 10
8
 
mV*min/g sample and 82.30%, respectively. Forty-eight phenolic peaks were found only in 
leaves, while only one phenolic peak was only found in seed coats. Overall, the overlap in 
phenolic composition between leaves and seeds was small; there were only two common phenols 
found in both leaf and seeds (present in 16 of 18 samples in the combined leaf and seed data set). 
 
Phylogenetic independence of soil association phenolic diversity and abundance 
 For ten species with seed phenolic compound data, there was a significant phylogenetic 
signal for phenol abundance (C-statistics = 0.34, P = 0.03). No evidence for phylogenetic 
dependence arose in the number of phenolic compounds present in seeds (Runs = 10, P = 0.59) 
or in the association with soil type (Runs = 6.67, P = 0.14). For the eight species in the leaf and 
seed dataset there was no evidence of phylogenetic dependence for phenolic abundance (C-
statistic = 0.16, P = 0.34), the diversity of phenols (Runs = 8, P = 1.0) or in soil association 
(Runs = 6.12, P = 0.36). 
 
Seed versus leaf phenolic composition of Macaranga species  
There was no correlation between seed and leaf tissues for either phenolic diversity 
(Pearson’s coefficient = -0.20, t = -0.52, d.f. = 6, P = 0.62) or abundance (Pearson’s coefficient = 
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-0.44, t = -1.21, d.f. = 6, P = 0.27) (Figure 5.2). Results were similar for linear regressions 
performed on phylogenetically independence contrasts.  
The ordination of the abundance data of individual phenols using PCO for the combined 
seed and leaf data set showed a strong separation in the phenolic composition and abundance 
between seeds and leaves (Figure 5.3). The first two axes accounted for 63.53 % of total 
variance. When considering seed phenolic compounds alone, (Figure 5.4), six positive 
eigenvalues had a sum of 1.96. The first two axes accounted for 89.5 % of the variance. The 
PCO ordination showed a marked contrast among three groups (Figure 5.4). While one group 
contained only clay-specialist species with low diversity of phenolic compounds (one and two 
phenols for M. winkleri and M. umbrosa, respectively), the other two groups contained a mix of 
species with contrasting soil preferences.  
For leaf phenols alone, there were six positive eigenvalues with a sum of 1.35. The two 
axes accounted for 66.2 % of variability. However, unlike seed phenols, species did not group 
according to soil association (Figure 5.5). Two species, M. lamellata and M. umbrosa with 
contrasting soil association were similar in their phenolic compound composition, compared to a 
cluster of a mix of species with different soil preference (M. trachyphylla, M. havilandii, M. 
hullettii, M. winklei and M. beccariana). M. bancana had a distinct phenolic composition 
compared to other species (Figure 5.5).  
 
Expression of phenolic compounds in seeds relative to leaves 
 The eight species varied greatly in overall abundance of phenols between the two tissue 
types. The total mass-standardized peak areas of phenols were always lower for seed than leaf 
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phenols and ranged from 0.12% to 32.76% of the leaf phenols across species (Figure 5.6; dashed 
line). For phenolic compounds found in both seeds and leaves, the higher fractional expression in 
seeds relative to leaves were found in many phenolic compounds across species, e.g., peak ID 
number 2 (range = 4.3 - 1,536 %) (Figure 5.6), even though total abundance of phenols in seeds 
was always lower (Figure 5.6; dashed line).  
 
Soil association and phenolic compounds of seeds 
Soil association did not affect number of seed phenols (GLM, deviance = 37.55, d.f. = 7, 
P = 0.13; Figure 5.7a).  Similarly, there was no significant effect of soil association on phenolic 
abundance using phylogenetic analysis of variance (F (2, 7) = 2.198, P = 0.26; Figure 5.7b). 
However, a Mantel permutation test of the distance matrix of presence and absence data of all 
phenolic compounds showed that phenolic composition was significantly associated with soil 
association (Mantel r (Spearman correlation) = 0.33, P = 0.03). 
 
Soil association and phenolic compounds of leaves 
Soil association did not affect the number of phenolic compounds in leaves (GLM, 
deviance = 9.91, d.f. = 5, P = 0.35; Figure 5.8a). The mean total mass-standardized peak area 
between two groups were not significantly different (t-test; t = 0.5364, d.f. = 3.16, P = 0.62) 
(Figure 5.8b). The Mantel permutation test of distance matrices of presence and absence data of 
all leaf phenolic compounds showed no correlation with soil association (Mantel r (Spearman 
correlation) = -0.14, P = 0.36). 
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DISCUSSION 
 The study focused on the distribution of phenolic compounds across leaf and seed tissues 
among Bornean Macaranga species with differing habitat associations. There was a significant 
phylogenetic signal for only the phenolic abundance of seeds among ten species. The comparison 
of leaf and seed phenols supported the hypothesis that phenolic compounds are specialized 
defenses against different suites natural enemies of seeds vs. leaves. Overall, leaves contained a 
higher diversity and abundance of phenols than seeds. Analyses of phenolic chemistry in relation 
to species soil association provided only very limited support for the hypothesis that habitat 
shapes phenolic chemistry: neither the abundance nor the diversity of seed or leaf phenols was 
associated with soil association. However, in contrast to the prediction, the composition of seed 
phenols was correlated with soil association.  
 
Differences in leaf and seed phenolic compounds  
Differences in the diversity, abundance and composition of leaf and seed phenols may 
reflect differences in the suites of natural enemies that attack these plant tissues. The main leaf 
herbivores of Macaranga are generalist and specialist insect herbivores and gall-makers (Itino 
and Itioka 2001). Generalist herbivores include grasshoppers, chrysomelid and scarabaeid 
beetles, and lepidopteran larvae. Specialist leaf eaters that are likely to attack M. beccariana, M. 
trachyphylla, and M. bancana are phasmids, and larvae of the Lepidoptera (e.g. Arhopala spp. 
and Tanaecia sp.) (Maschwitz et al. 1984, Itino and Itioka 2001). In addition, several species of 
gall making flies (Cecidomyidae) preferentially attack M. lamellata and M. beccariana (Itino and 
Itioka 2001). While insects are the main leaf herbivores, Macaranga seeds are consumed by 
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numerous vertebrate seed predators including are squirrels, small rodents, and monkeys (Gautier-
Hion et al. 1985, Kaplin and Moermond 1998, and personal observation). Although Macaranga 
seeds are dispersed mainly by bird species e.g., bulbul (Pycnonotus spp.), hornbill (e.g. Tockus 
spp. and Bycanistes spp.), and turoco (e.g. Tauraco spp., Corythaeola spp.) (Gautier-Hion et al. 
1985, personal observation), seed predation by birds has also been observed (Gautier-Hion et al. 
1985). Finally, oviposition on seeds of M. bancana and M. gigantea by an unknown insect 
species was also observed (personal observation).  
Pathogens can also infect leaves and seeds of Macaranga. Leaves of seedlings and 
mature trees suffer from fungal blight diseases, including the hyphomycete Passolora 
macarangae (Singh et al. 2008). For seeds of M. beccariana, M. trachyphylla, and M. winkleri, 
visible fungal infection was observed in storage and/or in germination tests (see chapter 3). In M. 
beccariana under water stress (-0.25 and -0.75 MPa), seeds that were imbibing and seed coat 
ruptured showed visible fungal infection and none of infected seeds completed germination (see 
chapter 3).  
Overall, leaves contained a higher diversity and abundance of phenolic compounds per 
unit mass than seed coat. The amounts of phenolic compounds in leaves varied among species 
such that no particular phenols were most abundant across the eight species (Appendix D). The 
two most shade-tolerant species, M. lamellata and M. umbrosa, had the highest phenolic 
abundance. Previous work has also reported the highest phenolic abundance in the most shade-
tolerant Macaranga species, and also showed that the amount of phenolic compounds in leaves 
was negatively correlated with leaf turnover rate (Nomura et al. 2011). 
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The lower phenolic abundance in seeds is consistent with previous studies in various 
plant species that reported total phenolic compound contents per unit mass extracted using 
methanol (Silva et al. 2006, Jang et al. 2012, Sajid et al. 2012). However, in some herbaceous 
species e.g., Cynara carduculus (Asteraceae) and tree species e.g., Oroxylum indicum 
(Bignoniaceae), leaf and seed parts have similar total phenolic contents (Falleh et al. 2008, 
Samatha et al. 2012). When comparing studies, it is worth noting that recovery of phenolic 
compounds from plants is influenced by the extraction procedure, chemical nature of phenolic 
compounds, and age of materials (Nantitanon et al. 2010, Dai and Mumper 2010).  
A possible physiological explanation for the low diversity of seed phenolic compounds 
compared to leaves may lie in differences in the metabolic activity of these tissue types. While 
the leaf is a site of continuous metabolism of both primary and secondary compounds (Heimler 
et al. 1992), at maturity the seed coat is metabolically largely inactive, and is unlikely to contain 
intermediate products of phenols that are being synthesized. During seed reserve accumulation 
and desiccation before maturation, the seed is mostly a sink of products synthesized in maternal 
tissue (Moïse et al. 2005, Fait et al. 2006). Therefore, phenolic compounds in the seed coat 
reflect constituent secondary compounds allocated to seeds, while the seeds are on the maternal 
plant (Bekkara et al. 1998, Moïse 2005). Future studies that follow changes in phenolic 
compounds through time after imbibition are needed to determine which phenolic compounds 
are important defenses during imbibition and germination processes. 
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Fractional expression of seed phenols relative to leaf phenols 
Strong compositional variation in phenols between seeds and leaves indicated no 
significant correlation in the diversity and abundance of phenols between the two tissue types 
(Figure 5.2). Some phenols were expressed in low concentrations in leaves but in high 
concentrations in seeds. This is consistent with the hypothesis that phenols are specialized 
chemical that protect against different suites of natural enemies that damage seeds vs. leaves. 
Comparing the abundance of phenolic compounds in seeds and leaves may provide an approach 
to identifying candidate phenols that are particularly effective in protecting seeds against 
granivores and pathogens. 
 
Soil association and phenolic compounds in leaves and seeds 
Species soil associations were not correlated with either diversity or abundance of leaf 
phenolic compounds in Macaranga species. According to the resource availability hypothesis of 
leaf defense, species that grow in nutrient-poor sites are predicted to have higher investment in 
defense due to the greater cost of replacing lost tissue (Coley et al. 1985). In this study, I did not 
explicitly test this hypothesis; however, I did not find any evidence that Macaranga species that 
prefer low fertility sandy soils had significantly higher amounts of phenolic compounds in 
leaves.  
The results of leaf phenolic compounds were consistent with work by Cunningham et al. 
(1999). They compared leaf physical and chemical attributes of nine perennial New South Wales 
species pairs distributed along soil nutrient gradient using phylogenetically independently 
contrasts. They found no general trend for an increase in leaf phenol, tannin, or fiber in species 
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associated with low fertility soils. In contrast, studies of 20 species, including clay and sandy soil 
specialists of Peruvian Amazon forests showed significantly higher total leaf phenolic 
compounds and phenol: protein ratio in species of low-nutrient sandy soils (Fine et al. 2004, Fine 
et al. 2006). These contrasting findings may reflect different adaptive responses to herbivory 
among species in different habitats.  
The mutualistic relationship between Macaranga species and ants may complicate the 
understanding leaf defenses. All eight Macaranga species for which leaf phenol data were 
obtained are obligate myrmecophytes that depend on Crematogaster ants to defend leaves 
against herbivores (Maschwitz et al. 1984, Heil et al. 1999, Itino and Itioka 2001, Nomura et al. 
2011). Plants invest resources to produce constitutively lipid- and protein-rich food bodies to 
maintain ant colonies (Heil et al. 1998). Since the influence of soil association on the production 
of food bodies provided to maintain ant colonies is not well understood (Heil et al. 1998), it is 
difficult to predict how soil association will influence Macaranga leaf defenses. Furthermore, 
Macaranga species that are dependent on effective ant defense have extremely low chitinase 
activity, one of physiological defenses against fungi (Heil et al. 1999). If myrmecophytic 
Macaranga species rely more on an effective ant defense and invest less in chemical defense, 
then selection for differential expression of phenols across the soil fertility gradient may be 
reduced. 
Although higher defense allocation in leaves is expected for species from low nutrient 
soils, it is not clear that this would necessarily be the case for seeds, which have a very limited 
capacity to respond to damage. In this study, no difference was found in either the diversity or 
the abundance of seed phenolic compounds between species of contrasting soil associations. 
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Therefore, the result supported the hypothesis that low fertility constrains investment in total 
seed production, rather than allocational investment in phenolic defenses. Despite observations 
that soil associations are not correlated with the quantity of phenolic compounds produced, it 
was found that the composition of seed phenolic compounds was more similar in species with 
the same soil association (Figure 5.4). It is possible that suites of natural enemies that attack 
seeds differ between the two soil types, leading to selection for different groups of phenolic 
chemicals according to soil association. 
The absence of a relationship between phenolic content and soil association may also 
reflect dependency on other chemical defenses in Macaranga. Numerous groups of secondary 
compounds in plants e.g., terpenes, sulphur- and nitrogen-containing secondary metabolites, also 
play a role in plant defense (Mazid et al. 2011). To better represent the suites of defense in 
plants, it is important to recognize other secondary compounds and further examine the 
correlation of their diversity and abundance in relation to plant traits, and habitat association. 
In conclusion, in these Macaranga species, phenolic compounds were unevenly 
distributed among seeds and leaves. While leaves had a higher diversity and abundance of 
phenolic compounds than seeds, some phenolic compounds were expressed at a higher level in 
seeds, suggesting that they provide an important defensive role against seed predators or 
pathogens. Given Macaranga species’ complex defense systems, co-evolved with mutualistic 
Crematogaster ant partners, future studies will need to focus on the combined effects of soil 
fertility, herbivory, and myrmecophytism in shaping seed and leaf defenses in Macaranga 
species. 
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Macaranga beccariana
Macaranga hypoleuca
Macaranga umbrosa
Macaranga lamellata
Macaranga bancana
Macaranga trachyphylla
Macaranga hullettii
Macaranga havilandii
Macaranga gigantea
Macaranga w inkleri
TABLES AND FIGURES 
Table 5.1 Macaranga species, soil type association (from Davies 2001b), and the number and total mass-standardized peak area of 
phenolic compounds in seeds and leaves. Maternal source refers to the number of maternal trees from which leaf or seed materials 
were harvested for phenolic analysis. The topology of phylogenetic tree is shown on the left of the table.  
 Species Soil Seed  Leaf 
 
 association Number Phenolic Maternal 
 
Number Phenolic Maternal 
  of abundance source of abundance source 
  phenols (x 108)  phenols (x 108)  
 Macaranga   (mV*min/g sample)    (mV*min/g sample)  
 
bec riana Both 4 3.47  3  35 83.64  1 
hyp leuca Both 7 6.69  1  - -   
um rosa Clay 2 0.61  1  46 488.86  1 
l m llata Sandy 7 3.06  1  51 308.41  1 
b n ca Sandy 19 19.61  3  49 255.71  2 
t c phylla Clay 20 14.92  2  50 108.67  2 
hul ettii Sandy 18 13.73  3  34 44.59  1 
h v landii Sandy 20 22.11  2  28 67.42  2 
gi ntea Both 6 3.45  3  - -   
win leri Clay 1 0.47  3  45 134.04  3 
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Figure 5.1 Box plots showing difference in (a) diversity and (b) abundance (mass-standardized 
peak area) of seed and leaf phenolic compounds present in leaf and seed of eight Macaranga 
species. The bold horizontal line represent median. The “+” symbol represents the mean.  
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Figure 5.2 Relationship between (a) the number and (b) the mass standardized peak area of 
phenolic compounds between leaf and seeds.  
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Figure 5.3 Principal Coordinate Analysis (PCO) plot showing similarity of phenolic compound 
composition of seed and leaf phenols present in eight and ten species of Macaranga respectively.
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Figure 5.4 Principal coordinate analysis (PCO) plot showing similarity of seed phenolic 
compound composition of 10 Macaranga species - M. bannacana (BAN), M. becciariana 
(BEC), M. gigantea (GIG), M. havilandii (HAV), M. hullettii (HUL), M. hypoleuca (HYP), M. 
lamellata (LAM), M. trachyphylla (TRA), M. umbrosa (UMB), and M. winkleri (WIN). Species 
are coded according to their soil preference. 
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Figure 5.5 Principal coordinate analysis (PCO) plot showing similarity of leaf phenolic 
compound composition of eight Macaranga species. - M. bannacana (BAN), M. becciariana 
(BEC), M. havilandii (HAV), M. hullettii (HUL), M. lamellata (LAM), M. trachyphylla (TRA), 
M. umbrosa (UMB), and M. winkleri (WIN). Species are coded according to their soil 
preference. 
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Figure 5.6 Relative abundance data for standardized peak areas of phenolic compounds in leaves 
and seeds of eight Macaranga species (a - h). The dashed line represents the overall ratio of 
integrated mass-standardized peak areas of all phenolic compounds measured in seeds relative to 
leaves. For phenolic compounds that were found in both leaves and seeds, bars represent the 
relative expression in seeds relative to leaves. Thus bars that are higher than the dashed line 
represent phenolic compounds present in seeds in higher concentrations than the average 
expectation. The “” indicates the absence of the phenolic compounds in seeds and the “+” 
represents the absence of the phenolic in both seeds and leaves. Empty columns (without 
“”and “+”) in each panel indicate the absence of the phenols in leaf material; therefore, the 
percent expression could not be calculated. 
(a)
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Figure 5.6 (continued) 
(b)
 
(c)
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Figure 5.6 (continued) 
(d)
 
(e)
 
 107 
 
Figure 5.6 (continued)  
(f)
 
(g)
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Figure 5.6 (continued)  
(h)
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Figure 5.7 Box plots showing (a) the number and (b) the abundance (mass-standardized peak 
area) of seed phenolic compound. Species were grouped by soil association. The bold horizontal 
line shows the median and the “+” symbol represents the mean.  
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Figure 5.8 Box plots showing (a) the number and (b) the abundance (mass-standardized peak 
area) of leaf phenolic compounds grouped by soil preference. The bold horizontal line shows the 
median and the “+” symbol represents the mean. There was only one species (M. beccariana) in 
soil generalist group and it was excluded in the statistical analysis. 
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CHAPTER 6: CONCLUSIONS 
 
CHAPTER SUMMARIES 
In chapter 2, I explored the relationship between species characteristics (seed mass, 
latitudinal distribution, growth form and dormancy type), and the requirement of the ratio of red 
to far-red light (R:FR) by combining experimental data in ten species from paleotropical 
aseasonal forests and data of existing literature on seed germination response to R:FR. I obtained 
two categories of data from experiments and literature, (1) species’ light-dependence, and (2) 
R:FR level that yield 50% of maximum germination (R:FR50). Analyses in a phylogenetic 
framework showed that seed mass had a strong negative effect on light dependency, but that the 
seed mass at which tropical taxa had a 50% probability of light dependency was 40 times greater 
than temperate taxa. For light-dependent species, the R:FR50 was also related to seed mass and 
latitudinal distribution. In agreement with an earlier study for temperate taxa, the R:FR50 was 
significantly negatively correlated with seed mass. In contrast for 22 tropical taxa, I found a 
significant positive correlation. These opposing relationships suggest contrasting selection 
pressures on germination responses of tropical taxa (mostly trees) and temperate herbaceous 
plants, and which are likely related to differences in seed longevity, seed burial rates, and 
reproductive output.  
In chapter 3, the relationships between seed mass and adult light preference of species 
with seed germination response to soil water availability were explored in five Macaranga 
species along with two pioneer paleotropical species of aseasonal forest of Borneo. Data from 
germination tests under a series of six matric potentials were analyzed using a hydrotime model 
to estimate the base potential that corresponded to 50% of maximum germination (b50). Seed 
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mass and the b50 were not correlated. Besides seed mass, the b50 had a weak correlation with 
adult light environment (crown illumination) in five of seven species. In addition, the b50 of the 
pioneer species of aseasonal forest from this study were compared to those of seasonal forest 
species. Aseasonal forest species required a higher b50 (wetter conditions) than species from 
seasonal habitats. These data suggest that the desiccation tolerance of seed germination (b50) 
may be an adaptation to dry season conditions rather than conditions of gaps of different sizes.   
Seed defensive traits of ten Macaranga species was the focus of the last two chapters. In 
chapter 4, seed physical and chemical defense were explored in relation to seed mass, adult light 
environment, and seed persistence in the soil. Seed coat thickness and fracture resistance were 
used as the measure of physical defense, while chemical defense was represented by the number 
(diversity) and total mass-standardized peak area (abundance) of phenolic compounds. Across 
species there is no correlation between seed coat thickness and the abundance of phenolic 
compounds. The result indicates no trade-off between physical and chemical defense. Despite the 
lack of trade-off, variation was found among species in physical defense relating to species traits. 
Adult light environment was positively correlated with seed coat thickness when excluding the 
outlier M. winkleri, indicating thinner seed coats in more shade-tolerant species. However, adult 
light environment did not correlate with diversity and abundance of phenolic compounds. 
In chapter 4 I also examined the importance of physical and chemical defense to seed 
persistence in the soil. Seed persistence was represented by seed half-life i.e., the time by which 
the viability of seeds is reduced to half of initial viability. In a subset of five Macaranga species, 
the data on seed viability through time from burial experiments were used to estimate seed half- 
life. Then the half-life was fit against the ratio of seed coat thickness and the phenolic 
abundance. Results indicated that physical defense was more important than chemical defense in 
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promoting seed persistence in the soil. Species with longer seed persistence had a greater ratio of 
seed physical to chemical defense than species with shorter persistence. 
The finding that chemical defenses were not correlated to adult light environment led to 
further investigation of chemical defense in chapter 5 that included data on phenolic compounds 
present in leaves. Using ten Macaranga species, I investigated leaf and seed phenolic 
compounds in relation to species soil association – relatively fertile clay soils, infertile sandy 
soils, or both. First, I tested the hypothesis that phenolic compounds are specialized to protect 
seeds and leaves from different suites of natural enemies, resulting in a distinct composition and 
abundance of phenols in seeds vs. leaves of the same species. Consistent with this hypothesis, I 
found strong dissimilarity of seed and leaf phenolic compounds. I further tested whether phenolic 
compounds differ in groups of species with contrasting soil associations. Leaf and seed phenolic 
diversity and abundance did not differ among species groups with different soil associations. The 
influence of soil nutrients on chemical defense in Macaranga may not be easy to interpret 
because maternal resources are also allocated to maintain mutualistic ant colonies that inhabit 
Macaranga trees and help protect plants against natural enemies.  
In summary, the findings of interspecific variations of seed germination requirements and 
seed defensive traits suggest that coexisting Macaranga species showed the evidence of 
regeneration niche differentiation at seed stage. Seed germination requirements and seed 
defenses were influenced by seed mass and adult light environment. While seed mass is 
important trait influence light requirement for germination and seed persistence in the soil, adult 
light environment represented by crown illumination correlated with soil moisture requirement 
and seed physical defense. The correlations between species traits, regeneration requirements 
and seed defensive traits are shown in Fig 6.1.
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DIRECTIONS FOR FUTURE RESEACH 
 This study has shown contrasting relationships of seed mass and germination response to 
light quality (ratio of red to far-red light, R:FR) between tropical and temperate taxa (chapter 2). 
Differences in R:FR requirements for seed germination provide an understanding of fine scale 
light niche discrimination among a range of species. However, to date among the tens of 
thousands of species for which germination has been tested (Royal Botanical Kew 2008), only 
72 species of temperate and tropical taxa have been explored. Much larger datasets will be 
needed to further distinguish the relationship of dormancy type, ecosystem and plant trait 
associations to R:FR responses. 
Ontogenetic shifts in light requirements of species also require further exploration. Light 
requirements of species have been assumed to be consistent throughout the plant life cycle and 
are used to classify plant species into functional groups. The results in chapter 2 showed that, 
while the distribution of some Macaranga species is strongly correlated with high light habitats, 
seeds were able to germinate under low light conditions (low R:FR). This suggests that 
ontogenetic shifts in the light niche of some Macaranga species may exist. Conversely, there is 
no strong evidence for ontogenetic shift in the light niche of temperate species which are mostly 
herbaceous species. A complete understanding of the role of light gradient partitioning in tropical 
forests will require measurements of plant responses to light over a wide range of size classes.  
In addition to light environments for germination, variability in soil moisture availability 
affects regeneration success. The finding in this study suggests that desiccation tolerance of seed 
germination may be an adaptation to dry season conditions rather than gap conditions. Future 
work to compare the germination response to matric potential between Macaranga species from 
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seasonal vs. aseasonal forests will be necessary to better understand the adaptation of species to 
moisture availability in aseasonal and seasonal habitats.  
Little attention has been given to seed defense in comparison to leaf defense. In chapter 
5, I found that some phenolic compounds were expressed in higher fractions in seeds than in 
leaves, even though overall seeds contained less phenol per unit mass than leaves. Comparisons 
of leaf and seed phenolic chemistry provide a useful approach for detecting phenolic compounds 
that may be of particular importance in defending seeds. Experimental tests are now needed to 
determine whether the phenols that are expressed in high concentrations in seeds are in fact 
important in seed protection. In addition to identifying defensive phenols, to understand the 
temporal pattern of defense, the composition and diversity of phenolic compounds at seed 
maturation, imbibition, and radicle protrusion should also be compared. Phenols that are 
abundant during imbibition and radicle emergence may be important phenols that play defensive 
roles during the critical process of germination.  
As for seed physical defense, I have observed differences in seed coat surface structure 
(seed coat sculpturing) in Macaranga species. Some species (e.g. M. bancana, M. beccariana) 
have a shallow pitted surface, while M. winkleri has a verrucose seed surface. The ecological 
significance of seed coat sculpturing is still unclear. It is hypothesized that seed coat sculpture 
may reduce contamination by pathogens (Barthlott 1981). In contrast, seed coat sculpturing may 
play a role in facilitating colonization by beneficial microorganisms that contribute to biotic 
defense against pathogenic microbes. Further experiments are needed to explicitly test the two 
contrasting hypotheses.
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FIGURES 
Figure 6.1 Correlations among seed traits influencing regeneration requirements. Positive 
correlations are indicated by a solid line while dashed lines indicate negative correlations. The 
correlations between seed mass and light requirement for germination of temperate and tropical 
taxa is indicated by “Temp.” and “Trop.”, respectively. The line linking chemical defense and 
seed persistence is thinner than the line linking between physical defense and seed persistence, 
representing the lesser importance of chemical versus physical defense in seed persistence. 
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APPENDIX A 
 
Analytical method in high performance liquid chromatography (HPLC) 
The analysis of soluble phenolic compounds was conducted on a Shimadzu LC-10A 
HPLC system (two LC-10AT pumps, SIL-10A autosampler, a CTO-10A column oven, a SPD 
10AVi variable wavelength UV-Vis detector and a SCL-10Avp system controller, running under 
Shimadzu LCSolutions version 1.25 chromatography software, Columbia, MD, USA). The 
column used was an Inertsil ODS-3 reverse phase C-18 column (5 µM, 250 x 4.6 mm, with a 
Varian metaguard column). For phenolic compound analysis, the initial conditions were 20% 
methanol and 80% water with 0.05 M phosphoric acid, at a flow rate of 1 ml per minute. The 
effluent was monitored at 280 and 340 nm on the VWD. After injection (25 µL), the column was 
held at the initial conditions for 2 minutes, then developed to 100% methanol in a linear gradient 
over 55 minutes. Peak detection was at 280 nm. Standards of a variety of phenolics were run at 
15uLs per injection of a 1 mg/mL solution.
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APPENDIX B 
 
Phenolic peak identification number (ID number) and retention time. 
Peak  
ID Number 
Range of retention time  Peak  
ID Number 
Range of retention time 
Lower Upper  Lower Upper 
1 20.5 21  37 13.5 13.7 
2 25.7 26  38 18.2 18.4 
3 27.5 27.8  39 14.6 14.9 
4 28.3 28.7  40 15.5 15.6 
5 28.9 29.1  41 16.2 16.5 
6 30   42 18.6 18.9 
7 33.5 33.6  43 19.2 19.6 
8 34   44 19.9 20 
9 34.97 35.1  45 21.1 21.4 
10 12 12.5  46 21.6 21.8 
11 14 14.5  47 22.3 22.5 
12 17 17.5  48 22.6 22.8 
13 30.3 30.7  49 22.9 23.2 
14 30.9 31.1  50 23.3 23.67 
15 32   51 24.2 24.4 
16 32.4 32.7  52 25.4 25.5 
17 35.99 36.1  53 26.62 26.88 
18 36.5 36.7  54 33.9 34.1 
19 37.3 37.5  55 34.2 34.6 
20 37.8 38  56 35.6  
21 38.4 38.7  57 39  
22 39.5   58 40  
23 24.6 24.8  59 7.1 7.4 
24 2.9   60 9 9.4 
25 4.87 5.16  61 10.3 10.4 
26 3.92 4.24  62 11.3 11.5 
27 5.63 5.65  63 15.1 15.3 
28 6.63 6.7  64 16.7 17 
29 7.6   65 17.7 17.9 
30 6.14   66 23.8 24 
31 9.9 10.2  67 29.4 29.7 
32 8.2 8.4  68 31.2 31.4 
33 8.6 8.9  69 31.6  
34 10.8 11.1  70 32.9 33.1 
35 12.5 12.7  71 27.8 27.9 
36 13.2 13.3     
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APPENDIX C 
 
Figure C.1 The quantitative measurement of each phenolic peak present in extraction of seed of 10 Macaranga species (a - j). The 
identification number (ID number) of each peak corresponds to the list in Appendix B. 
(a)
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Figure C.1 (continued) 
(b)
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Figure C.1 (continued) 
(c)
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Figure C.1 (continued) 
(d)
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Figure C.1 (continued) 
(e)
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Figure C.1 (continued) 
(f)
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Figure C.1 (continued) 
(g) 
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Figure C.1 (continued) 
(h)
 143 
 
Figure C.1 (continued) 
(i)
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Figure C.1 (continued) 
(j)
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APPENDIX D 
 
Figure D.1 The quantitative measurement of each phenolic peak present in leaf extraction of eight Macaranga species (a - h). The 
identification number (ID number) of each peak corresponds to the list in Appendix B. 
(a) 
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Figure D.1 (continued) 
(b)
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Figure D.1 (continued) 
(c)
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Figure D.1 (continued) 
(d)
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Figure D.1 (continued) 
(e)
 150 
 
Figure D.1 (continued) 
(f)
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Figure D.1 (continued) 
(g)
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Figure D.1 (continued) 
(h)
 
